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C r e d i t s  ----- 
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of t h e  Bendix Corporation and t h e  Martin Marietta Corporation. Annette Trefzer, 
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I. SUMMARY OF PRINCIPAL SCIENTIFIC RESULTS 
FROM TEE LUNAR EAT-FLOW EXPERIMENT 
The Apollo Lunar Heat-Flow Experiment was conceived t o  make d i r e c t  
obse rva t ions  o f  the  r a t e  of hea t  l o s s  through t h e  s u r f a c e  of the  moon a t  
the  Apollo landing s i t e s .  Two of these  experiments were emplaced success-  
f u l l y  dur ing t h e  Apollo program: one a t  Hadley R i l l e  (Apollo 15) and the  
o t h e r  a t  Taurus L i t t row (Apollo 17) .  .A t h i r d  experiment was flown on 
Apollo 13,  but  when the  mission was abor ted  en r o u t e  i t  never  reached t h e  
moon. h four th  instrument was i n s t a l l e d  a t  Apollo 16,  but  a broken cab le  
between the  c e n t r a l  t r a n s m i t t i n g  s t a t i o n  and the  heat-flow experiment ren- 
dered i t  u s e l e s s .  The p r i n c i p a l  components of t h e  ex?eriment were probes,  
each wi th  twelve thermometers of excep t iona l  accuracy and s t a b i l i t y ,  t h a t  
recorded temperature v a r i a t i o n s  a t  the  s u r f a c e  and in the r e g o l i t h  down t o  
2.5 m. The Apollo 15 experiment recorded temperatures f o r  a period of f o u r  
and a h a l f  yea r s  and the  Apollo 17 probes,  which were s t i l l  r e t u r n i n g  a c c u r a t e  
r e s u l t s  when t h e  instrument was turned o f f ,  recorded four  yea r s  and t en  
months of  l u n a r  s u r f a c e  and subsurface  temperatures.  These d a t a  provided a 
unique 2nd va luab le  h i s t o r y  of t h e  i n t e r a c t i o n  of s o l a r  energy with l u n a r  
s u r f a c e  and the  e f f e c t s  of hea t  f lowing from the  deep i n t e r i o r  ou t  through 
t h e  s u r f a c e  of the  moon. The i n t e r p r e t a t i o n  o f  these  d a t a  r e s u l t e d  i n  a 
c l e a r e r  d e f i n i t i o n  of t h e  thenual  and mechat ica l  p r o p e r t i e s  of the  upper 
two meters of  lunar  r e g o l i t h ,  d i r e c t  measurements of the  g rad ien t  i n  mean 
temperature duo, t o  h e a t  flow from t h e  i n t e r i o r  and a determinat ion of the  
hea t  f low a t  the  Apollo 15 and Apollo 1 7  s i t e s  ( s e e  Table 1 f o r  va lues  
of s i g n i f i c a n t  new obse rva t ions  t h a t  r e s u l t e d  from t h e  experiment.) 
Surface  Temperatures and the  Nature of t h e  Shallow Regol i th  -----------------_----------------------------------- 
Surface  thermometers o t  the  heat-flow experiment provided a complete 
h i s t o r y  of the  s u r f a c e  v a r i a t i o n  of temperature dur ing the  obse rva t ion  per iod.  
Two important  d i s c o v e r i e s  stemmed from the  i n t e r p r e t a t i o n  of these  r e s u l t s :  
1 )  A 30 t o  35' d i f f e r e n c e  i n  mean temperature occurs  a c r o s s  the upDer 
few cen t imete r s  of the  r e g o l i t h  because,  In t h i s  r e l a t i v e l y  f l u f f y  l a y e r ,  
r a d i a t i v e  hea t  t r a n s f e r  predominates. A t  l una r  noon, nea r ly  70% of the  
D A T U M  
Hadley 
Rille 
Taurus 
Lit t row 
Mean surface temperature, OK 207 216 
Maximum mean subrurface temperature of undisturbed regolith, OK 253.0 (1.38m) 256.7 (2.34a) 
Thermal conductivity of the surface layer mWm - K  (at 120°K) 1.2 + 0.03 - 1.5 + 0.03 
--x-oK-l 
Average conductivity below 10 ca, mW-m 10 2 10% 15 + 10X - 
Depth at which lunation fluctuations fall to 1% of surface value, m 0.29 0.33 
Depth at which annual fluctuation falls to 1% of surface value, m 1.35 1.48 
Mean vertical temperature gradient (most reliable probe) OK/m 1.85 1.35 
- 
Observed surface heat. flow mW/n 
2 
21 16 
Correction applicable to the observed heat flow due to terrain <4X -10% 
heat  t r ans fe r  in t h i s  l aye r  occurs by p a r t i c l e  to p a r t i c l e  rad ia t ion .  
2) The thermal response of the r ego l i t h  to  var ia t ions  i n  s o l a r  radia- 
t ion ,  due t o  ec l ipses ,  ro t a t ion  of the  moon on i ts axis ,  and the eccer . t r ic i ty  
of its o r b i t  about the sun, i s  weLLdescribed by a simple two layer  model of 
the upper 2.5 m of the  r ego l i t h ,  which is comprised of a t h in  (2-3 cm) surface 
l aye r  of low densi ty  (1.1 - 1.2 gmlcc) very f i n e  mater ial  of extremely low 
conductivity (0. S l . 6  mW/m°K) . This l a y e r  ove r l i e s  a higher densi ty  (1.75 - 
2.10 gm/cc) t i g k t l y  compacted l aye r  of f i n e s  which have a qu i t e  uniform 
conductivity of 1Q t o  1s mW/mOX. The thennal cocductivity of the deeper 
l aye r  vas determined by ca re fu l  ana lys is  of the downward propagation of long- 
term surface var ia t ions  of temperature, such a s  the annual var iat ior .s  and 
disturbances caused by the v i s i p s  of the astronauts  to  the s i t e s .  The 
value of conductivity inferred f o r  t h i s  deeper layer  is considerably higher 
than can be achieved by compaction of lunsr  s c i l s  In the  labcratory,  sugges- 
t i ng  t h a t  on the moon s o i l s  belov a few centimeters haw been ccmpacted i t t o  
a mechanical configuration t h a t  has evolved over mil l ions of years which 
cannot be duplicated in the laboratory. This charac te r iza t ian  of the lunar  
s o i l  layer  w i l l  be important when the time comes t o  e s t ab l i sh  bo.ses o r  
s c i e n t i f i c  s t a t i o n s  on the lunar  surface. 
The Temperature Gradient and Heat Flow ----------------- 
The increase of mean t e q e r a t u r e  with dspth, due t o  heat flow from the 
i n t e r i o r ,  var ied between the four s i t e s ,  due to  l oca l  disturbances and regional  
var ia t ions  i n  surf  ace heat  flow. The average gradient observed was 1.6 'Kim. 
This value is in agreement with the v e r t i c a l  temperature p a d i e n t s  deduced 
from tadiotelescope observations of long wave1.ength rad ia t ion  from the rho le  
d isk  of the moon. The obeerrred increase i n  br ightness  temperature with 
vavelength when combined with the electromagnetic propert ies  measred on 
Apollo s o i l  samples, ind ica te  a gradient  of 1.5 t o  2.0 OK/m. The s igni f icance  
cf t h i s  agreement i s  t ha t  if indica tes  t ha t  the mean of the  four Apollo 
neasurements is  probably representat ive of the nearside oZ the moon. 
The observed mean gradient of 1.6'K/m and the tht:rmal conductivity of 
2 the regol i th  below 3 cm combine t o  y i e ld  a heat flow of 1 7  mW/m with an 
estimated uncertaiaty of 20%. How representat ive t h i s  value Is of the t rue  
zverage heat l o s s  from the moon is d i f f i c u l t  to say with so few data t ha t  
vary so widely. There a r e  some l i n e s  of evidence tha t  suggest i t  may be 
q u i t e  representative. The la rge  var ia t ions  of heat  flow which a r e  observed 
over the  surface of the  ea r th  a r e  mainly associated with the boundaries cf 
converging and diverging l i thospher ic  p la tes .  The l i thosphere of the won ,  
on the  o ther  hand, is r i g i d  and s t a t i c  so tha t  va r i a t i ocs  associated wfth 
tec tonics  a r e  unlikely. Regional variati .ons i n  heat flow on the mocn a r e  
more l i k e l y  associated -with va r i a t i ons  i n  abundance. of  long-lived radio- 
ac t ive  isotopes of pctassium, thorium and ursnium. These isotopes were 
mobilized by the igneous a c t i v i t y  t h a t  formed the lunar  c rus t  and flocdiag 
c f  the  mare basins. Orbi ta l  gamma-ray observations,  global photomapping 
and A p l l o  samples allow scme est imate of the v a r i a b i l i t y  of heat flow. 
Our ana lys is  suggests t h a t  t h i s  v a r i a b i l i t y  i s  small. It is described 
i n  Section VI-4. Last ly ,  a c r i t i c a l  ana lys i s  of c m s t  and mantle tem- 
peratures  t h a t  would be implied by a hea t  flow between i 2  and 18 mW/m 2 
gives values t ha t  a r e  i n  good agreement with seismic and magretic dz ta  t ha t  
depend on r a n t l e  temperatures. The heat-flow recu l t  implies temperatures 
within a few hundred degrees of melting a t  deptks of about 300 km. 
For a planet  a s  smal.1 a s  the moon, much of the heat  associated with 
accre t ion  w i l l  have escaped during i t s  4.5 b.y. h i s tory ;  cmsequently,  most 
of the heat escaping t t rcugh the surface a t  present is  produced by radioactive 
isotopes in the i n t e r i o r .  Thus, the moon is close to  steady s t a t e .  I f  we 
assune tha t  t h i s  is the  case fo r  the  moon, then the observed he.2.t-flow - 9 value would require  a uranium ccntent cf approximately 30-45 x 10 g/g which 
is  consis tent  with the r e s u l t s  of more de ta i led  t h e r r a l  models. This amount 
is s imi l a r  t o  t h a t  estimated f o r  the mantle of the ear th.  
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11. EARLY ORGANIZATION OF THE 
QOLLO LUNAR KEAT-FLOW EXPERImNT 
Even though, i n  concept, t h e  heat-flow experiment was simple,  i t  i n  2a:i 
appl ied phys ica l  p r i n c i p l e s  t h a t  have been well understood f o r  more than 
a century,  t h e  development of any Apollo experiment was a compiex under- 
taking,  usua l ly  involving hundreds of persons,  a dozen o r  more corporations 
and s e v e r a l  branches of NASA. Because of t h i s  complexity, t h i s  h i s t o r y  w i l l  
not  at tempt t o  cover every event o r  person involved. There were many a c t i -  
v i t i e s  about which I anm t o t a l l y  unaware and t h a t  only a long research e f f o r t  
could uncover. The purpose of t h i s  s e c t i o n  is r a t h e r  t o  record the  i n t e r e s -  
t i n g  and sometimes i n s t r u c t i v e  s t o r y  of t h e  t w i s t i n g  path  the  development of 
our experiment followed. It w i l l ,  i n  some cases ,  desc r ibe  the  r e s u l t s  of 
e f f o r t s  which were even tua l ly  discarded f o r  one reason o r  another ,  and conse- 
quent ly  w i l l  no t  appear i n  any s c i e n t i f i c  r e p o r t .  
The importance of knowing t h e  t o t a l  l o s s  of heat  energy from t h e  s u r f a c e  
of a p l a n e t  has  long been recognized a s  an important c o n s t r a i n t  i n  thermal 
h i s t o r y  and t o t a l  average composition of t h a t  p lane t .  Important papers by 
Urey (1957), Levin (1962)- .MacDonald (1959) and o t h e r s  dur ing t h e  1950's 
and e a r l y  60 ' s  used mathematical thermal models of evo lu t ion  of the  noon t o  
explore  t h e  consequences of c e r t a i n  o r i g i n s  (hot  o r  cold a c c r e t i o n ) ,  age 
( t h e  same a s  t h e  s o l a r  system, o r  younger) o r  composition ( c h o n d r i t i c  o r  
o the rv i sa )  on the  present  s t a t e  of t h e  moon. These models p r e d i c t  a present  
day heat  flow from t h e  moon a g a i n s t  which measurements could be compared, 
which provide a d i r e c t  t e s t  of any of t h e  hypotheses of evo lu t ion  and com- 
pos i t ion .  Thus, the  va lue  of s u r f a c e  heat  flow is  a fundamental p lanetary  
q u a n t i t y  l i k e  mean d e n s i t y  o r  moment of i n e r t i a ,  t h a t  provide c lues  ro t h e  
composition and i n t e r n a l  d i s t r i b u t i o n  of p r o p e r t i e s  i n  a p lane t .  
Determining t h e  r a t e  of heat  l o s s  from t h e  moon did  no t  have t o  await  
l u n a r  landings.  Theore t i ca l ly ,  the  average hea t  flow can be measured from 
e a r t h ,  us ing radiote lescopes .  Telescopic  IR measurements from e a r t h  and 
measurements of t h r m l l y  generated microwave emission spec t ra ,  p a r t l c r l a r l y  
a s  o function of s o l a r  phase, ware enc! of tke r-'miry sources of information 
on t t r  d r t a i l e d  nature of the lunar surface,  befcre  close-up photography became 
ava i lab le  from spacrcraf t .  Excrpt f o r  the very near surface op t i ca l  charac- 
t e r i s t i c r  of the l u n r r  surface,  the rhrrnul  proper t ies ,  tamperature, thermal 
conductivity,  denr i ty  and heat capaci ty of tk.e lunar  surface layer  were 
b a t t e r  h o r n  than any other  physical propert ies .  Te1escopic t h e m 1  obser- 
vat ions on the moon were the  only source of infornution on the nature of t h r  
rubeurface. 
In t r rp re t a t ion  of microvave and inf ra red  observations a r e  s t rongly l imited 
by the uacertainty cf the e l e c t r i c a l  propert ies  of the lunar  su r f . c r ,  by 
,the low l eve l  s igna ls  a t  long wovel.engths, and by the uacertainty of the 
d i s t r i bu t ion  of thermal propert ies  with depth. Consequently, the r r l i a -  
b i l i t y  of a t t imates  of heat flow based on these observations is not good, 
and the poss ib i l i t y  of making in-s i tu  determinetions of surface heat flow 
on a landing mission would help resolve many of these uncer ta in t ies .  
It is not known axact ly who f i r s t  proposed tha t  a measurement of the 
r a t e  of heat l o s s  from the moon should be made a s  Far t  of the s c i e n t i f i c  
e f f o r t  of the  Apollo Lunar Landins Program. During tt.e ea r ly  planning 
phase of Apollo, NASA sponsored many s tudies ,  some by s c i e n t i f i c  groups 
working i n  NASA, some by indus t r i a l  groups and some by academic scientists :o 
reconnuend science program t h a t  a igh t  be car r ied  out vhen the Apollo lunar  
landings were achieved. Reports of these s t cd i e s  usual ly contatre! a 
'shopping l is t '  of experiments and mersurements t ha t  could be performed on 
the lunar surface. Some thermal measuremenrs were usual ly included on such 
lists, u8lulIy surface eemperatc.re m d  surface thermal propert ies .  A few 
propored t ry ing  to  meaaure heat  flow from the moon . 
My f i r s t  exposure to  the concept of lunar heat-flow measurements cam8 
v i a  a phone c a l l  from Dr. Paul Lowmon a t  the Goddirrd Space Center i n  Ury- 
land. Paul asked simply how d i f f i c u l t  would' i t  be t o  measure heat flow 
through th r  surface of the moon. 
Soon a f t a w a r d ,  in  1964, I was asked t o  join a small ad hoc committee t c  
address the problsrm of i n  s i t u  thennal measurements on the lunar surface 
The membership o f  t h i s  counnittee consisted of Arthur Lachenbtuch 
of t h e  U.S. G.S. l n  Menlo Pa:k, C a l i f o r n i a ;  Sydney Clark of Yale Univers i ty ;  
Richard Von Ear tan,  than with Scr ipps  I n s t i t u t i o n  of Oceanography; and myself. 
It was a good nu; t h e  two f i r s t  mentioned were experienced wi th  c o n t i n e n t a l  
haze fiow determinat ions ,  u h i l e  Von Kerzen and I were a c t i v e l y  =king h e a t  
flow -suremer.ts in t h e  sea f loor .  The f i r s t  meeting of t h i s  group took 
p lace  fa Washington. Sydney Cla rk ' s  f i r s t  comrnent tias t h a t  t h e  on ly  worth- 
whi le  thermal measurement would be t h a t  of h e a t  flow from t h e  l u n a r  i n t e r i o r .  
We a l l  concurred and t h e  remainder of t h i s  meeting was devoted t o  l e a n i n g  
more about how and when t h e  f i r s t  Apollo missions wculd t ake  p lace ,  t h e  natc.re 
of t h e  lunar  su r face ,  and t h e  most f e a s i b l e  approac'l t o  measuring h e a t  flow. 
Richard Von Herzen's term on t h e  committee was s t o r t - l i v e d  a s  he accepted 
a posi:ion wi th  UNESCO i n  P a r i s .  La te r  i n  1964, a conference in Houston a t  t h e  
f inned Spacecraft ,Center brought a l l  t h e  ad hcnc committees re ixesen t ing  many 
o t h e r  s c i e n t i f i c  d i s c i p l i n e s  toge ther .  Lachenbruch, Clark,  and I spent  most 
of our  time a t  t h i s  meeting consider ing techniques f o r  meascring l u r a r  h e a t  
flow. The most s t r a i g h t f o r u a r d  approach t o  determine t h e  f l u x  tkrougt: the  
luner  s c r f a c e  l a y e r  o r  lunar  s o i l  is by d i r e c t  measuremerts of t h e  tegpera- 
t u r e  g rad ien t s  and t h e  thermal conduct ivi ty  of t h e  s o i l .  Because -..e mea- 
surements would have t o  be made very c l o s e  t o  t h e  lunar  s c r f a c e ,  it was e a r l y  
recognized t h a t  t h e  h e r t  flow might be  s e r i o c s l y  d i s tu rbed  by near-scrface  
e f f e c t s  a n l ,  consequently, it  was proposed t h a t  nmerous  ( ten  o r  more probes) 
be used t o  measure t h e  f lux .  
An a l t e r n a t i v e  technique w e  considered was t o  s e t  up hee.t f l u x  meters on 
t h e  lunar  surface .  These meters would c o n s i s t  of t h i n  c i r c u l a r  d i s k s  ( o r  
bl.ankets) made c f  m a t e r i a l  of very low but  known t h e m 1  ccndcc t iv i ty .  If 
t h e  r a t i o  of t h e  d i s k  rad ius  t o  th ickness  was 50 t o  1 o r  g r e a t e r ,  the  mean 
temperature d i f f e r e t c e  &cross  the d i s k  would provide a measure of mean heat  
flow. As ln t h e  case  of t h e  probee, s e v e r a l  'heat-flow meters' would have 
t o  be s e t  up t o  measure and, i t  was t o  be hoped, average t h e  l o c a l  near  
su r f  ace  v a r i a b i l i t y .  
Sydney Clark was t k e  principal author  of a j o i n t  proposal t o  study methods 
f o r  making mtascrsments of s u r f a c e  h e a t  flow or. tt e lunar  surf  ace. NPSh gave 
a p r a a t  t o  Yole and Lawnt-Daherty Geological  Obsematcry of Columbia Univers i ty  
t o  c a r r y  ou t  t h e s e  s tud ieg  in response t o  t h i s  proposal .  Arthur Lachenbruch 
did not wish t o  continue ac t ive  pa r t i c ip r  Jn in the proposed program 
tecause of the  r e spons ib i l i t i e s  he already had a t  U.S.G.S. However, 
'subsequent t o  the meeting a t  the Naaned Spacecraft Center, he contributed 
a shor t  report  on the e f f e c t s  of surface temperature var ia t ions  on measu- 
rements of heat flow. 
Under t h i s  grant ,  Sydney Clark car r ied  out two ana ly t i ca l  s tud ies ,  the 
f i r s t  addressed the problem of how t o  measure the  very low l e v e l  heat flow 
escaping from the w o n  I n  the midst of the la rge  periodic  va r i a t i ons  of 
temperature a t  the surface produced by the w o n ' s  d iurna l  cycle,  and the  
f e a s i b i l i t y  of using the  heat-flow s e t e r  o r  blanket approach t o  measuring 
the surface heat flov. The r e s u l t s  of t h i s  study were summarized in the  
f i n a l  report of NSG-GOO of Yale University (1965)c One pr inc ipa l  conclusion 
w a s  t h a t  the 'blanket' method of measurfkglunarheat is not f ea s ib l e  because 
of the necessity of c lose ly  matching the l o c a l  albedo and because a blanket '  
which would e f fec t ive ly  a l t e r  per iodic  f luc tua t ions ,  would take a prohibi t ively 
long time to  come to  equilibrium with steady-state surfacc conditions.  
It is in t e re s t ing  to  note t h a t  the blanket technique had a f a r  more 
ser ious problem which was not f u l l y  appreciated u n t i l  l a t e r .  Linsky (19661, 
Watson (1964) and o thers  had pcinted out the importance of rad ia t ive  heat  
t ransfer  i n  evacuated p d e r s .  The r ad ia t ive  component depends s t rongly on 
temperature and, as a r e s u l t ,  behaves nonlinearly.  A r ec t i fy ing  e f f e c t  
occurs t ha t  produces a ne t  t r ans fe r  of heat energy in to  the subsurface during 
the lunar day, - 3 i c h  mwt be balanced by a steady mean outward f lux.  This 
n f f sc t ,  which is confined t o  the upper few cm, can induce steady-state f luxes 
tha t  a r e  ten o r  more times grea te r  than the f lux  from the i n t e r i o r .  Thus, a 
d i r e c t  measurement of the f lux  a t  the surface would not have been represen- 
t a t i v e  of the  heat flow from the i n a r t o r .  Our subsequent measurements on 
the won  showed tha t  t h i s  heat f l ux  induced by ehc nonlineari ty  of r ad i a t ive  
heat t r ans fe r  i n  the lunar  s o i l  is very large.  Forexample,a temperature d i f -  
f e r e n t i a l  of 40°C was induced over a few cm of near-surface mater ial  a t  the 
Apollo 15 s i t e .  
A second study car r ied  out by S. Clark investigated techniques of mea- 
- suring thermal ccndcct ivi ty  v i t h  a proba inser ted  in to  the lunar s o i l .  The 
r e s u l t s  a r e  summarized i n  an Interim Report under Grant XGR -07-004-039 a t  
Yale University. This report  formed the bas is  of the technique t h a t  was 
eventually used t o  make i n  s i t u  conductivity measurements on the moon. The 
method ptaposed consisted cf a cy l ind r i ca l  r ing source of heatandaremperature 
sensor  placed wi th in  t h e  h e a t e r ,  o r  a t  some d i s t a n c e  from t h e  h e a t e r ,  along 
t h e  probe. A f i n i t e  d i f f e r e n c e  thermal model was used by Clark t o  i n v e s t i -  
g a t e  t h e  problems i n t e r p r e t i n g  t h e  temperature change wi th  time, i n  terms of 
t h e  thermal conduc t iv i ty  of t h e  surrounding mate r ia l .  This  work showed t h a t  
a reasonable determinat ion of t h e  thermal conduc t iv i ty  could be obtalned by 
curve f i t t i n g ,  al though it was c l e a r  t h a t  t t e  thermal l inkages  and p r o p e r t i e s  
c f  t h e  probe and its con tac t  wi th  t h e  l u n a r  medium had t o  be w e l l  knom. 
During t h e  same per iod,  scientists a t  Arthur D. L i t t l e ,  Inc .  (ADL) of 
Cambridge, k s s a c h w e t t s ,  In p a r t i c u l a r ,  P e t e r  Glaser  and Alfred Wechsler, 
had proposed a number of experiments t o  measure r a d i a t i v e  and thermal pro- 
p e r t i e s  of t h e  lunar  s u r f a c e  as w e l l  a s  s u r f a c e  temperature a s  p a r t  of t h e  
Apollo program. ADL has been engaged i n  a s tudy  of the  c h a r a c t e r i s t i c s  of  
t h e  lunar  s u r f a c e  l a y e r  under c o n t r a c t  t o  NASA. I n  the  s p r i n g  of 1965, 
P e t e r  Glaser v i s i t e d  Lamont-Doherty Geological Observatory t o  d i scuss  ADL's 
i n t e r e s t  i n  working wi th  us on l u n a r  thermal experiments. This  w a s  t h e  
beginning of a cooperation t h a t  scrvived through t h e  e n t i r e  program. 
1965 Summer S tud ies  6 t h e  LSEP Concept ----------------- During t h e  s m e r  of 1965, 
NASA and t h e  National Academy of Sciences (NAS) sponsored tko formative 
workshops, one a t  Falmouth, Massachusetts and the  o t t e r  a t  Woods Hole, 
Massachusetts. The purpose of both s t u d i e s  was t o  help  NASA formulate a 
f i rmer  s e t  of s c i e n t i f i c  o b j e c t i v e s  and p r i o r i t i e s  f o r  t h e  Apcllo lunar  
program. S. Clark and I par:icipated i n  t h e  Falmouth study. 
Among the  geophysical  experiments proposed t o  be c a r r i e d  ou t  on t h e  moon, 
a d i r e c t  measurement o f  heat  flow had a high p r i o r i t y .  One o i  the most 
important concepts t o  emerge from t h e  s tudy was t h a t  of t h e  Lunar Science 
Experiments Package (LSEP). This concept recoamendec! a s i n g l e  t r a n s m i t t e r  
and power supply t o  be s e t  on t h e  lunar  su r face ,  t o  which var ious  a r r a y s  of 
experiments could be connected. This  concept was accepted by t h e  Apollo 
program plannezd and, wi th  t h e  a d d i t t o n  of an 'A '  f o r  Apollo, became the  
ALSEP sc ience  s t a t i o n s  t h a t  were even tua l ly  s e t  a t  f i v e  l o c a t i o n s  on t h e  
lunar  s u r f a c e  ( see  NASA Spec ia l  Report, NASA SP-88, 1965) . 
A t  these  meetings, NASA management a l s o  s e l e c t e d  experiment teams f o r  
those  experiments t h a t  had beer. given a high p r i o r i t y .  The heat-flow 
experiment team named i n c h d e d  Marcus G. Langseth a s  P r i n c i p r l  I n v e s t i g a t o r  
and Sydney Clark as  Coinvest igator .  During the  meeting, Gene Simmons, 
a s c i e n t i s t  in te res ted  in  gecthermal problems a t  Southern Mrthcdist University,  
asked t o  be included in the  team and was accepted. It was recommended by the 
NAS panel meeting a t  Woods Hole, t ha t  t h i s  team work closely with ADL s c i e n t i s t s  
i n  developing the experiment. These decis ions were the bas is  of a ccnt rac t  be- 
tween NASA and L-DGO t o  help in the deve1opmer.t of a lunar  heat-flow experimsnt 
f o r  Apollo. 
One fu r the r  outcome of the  Falmouth meeting had our important e f f e c t  on the 
subsequent technique t o  measure heat flow. It was recogrized t h a t ,  t o  avoid the 
la rge  surface f luc tua t ions ,  i t  vould be necessary t o  implant the  probes t o  mea- 
sure the  temperature gradient  and thermal conductivity deep in t t e  lunar  s o i l .  
Because of the  uacertafn penet rab i l i ty  of the lunar  sc r face  layer ,  it was re- 
commended tha t  a portable ,  astronaut-operated d r i l l  be developed to  assure deep 
bu r i a l  of the probes even in hard rock. Thus, the  development of a hard rock 
d r i l l  (soon t o  be designated a s  the  ALSD, Apollo Lunar Surface D r i l l ) ,  became 
a par t  of the Lunar Heat Flow Experiment. 
Organization for Flight_experiment -------- Develop!= 
By 1966 NASA was firmly committed to  the  ALSEP s c i e n t i f i c  stations as as  pa r t  
of the Apollo lunar  landing s i t e s .  An ALSEP Management Off ice was establ ished 
a t  the Spacedraft Center; experiment teams, each headed by a pr inc ipa l  
inves t iga tor  were establ ished , and means of comunicat  ion and coordination be- / 
? tween the growing nunber of elements i n  the program were developed. i 
The f i r s t  task was t o  s e l e c t  an ALSEP system contractor  who would be res- 
ponsible f o r  the ove ra l l  management of the development, testing manufacture, 
f l i g h t  qua l i f ica t ion  and f l i g h t  scpport f o r  the ALSEP system, from among pro- , 
posers from major aerospace corporations.  The f i e l d  wassoon narrowed to  three;  
namely, the Bendix Aerospace Corporation of Ann Arbor, Michigan; Space General 
i n  Los Angeles, Cal i fornia;  and, TRW, a l so  i n  the Los Angeles a res .  It seemed 
I 
8s though there were an Interminable s e r i e s  of meetings a t  which we l i s tened  
p c l i t e l y  to  long engineering and management presentat ions of t h e i r  develcpment 
programs. In the process we learned a whole new language and we offered 
c r i t i c i sm and evaluation where we could. The eventual winner of the competition 
was the  Bendix Corporation, Aerospace Systems Division. 
A t  the experimental l e v e l  competition was equally vigorous and diverse.  A 
subcontractor to  develop each ALSEP experiment had to  be chosen. Four companies 
were being considered to  develop tho Heat Flow Experiment, Arthur D. L i t t l e ,  
Texas Instruments, Bendlx and Te:.edyne Corporation. It was d i f f i c u l t  a t  the time 
t o  eva lua te  the  proposals  submitted by these  companies, because the  heat-  
flow experiment des ign was a t  t h e  conceptual  s t age .  There was no precedeqt 
f o r  such an instrument and i t  had t o  opera te  i n  the  l u n a r  subsurface  envi- 
ronment which was poorly def ined.  Consequently, i t  was decided t o  go with 
t h e  group t h a t  had the  g r e a t e s t  experience i n  o r i g i n a l  thermal des ign and 
knowledge of t h e  c h a r a c t e r i s t i c s  of t h e  l u n a r  su r face .  The obvious choice  
was Arthur D. L i t t l e ,  Inc. (ADL) of Cambridge, Massachusetts. m e r e  was a 
pro t rac ted  nego t ia t ion  between t h e  National Aeronaut ical  Space Administra- 
t i o n ,  t h e  Lamont-Doherty Geological  Observatory of Columbia Univers i ty ,  
Arthur D. L i t t l e  Co. Inc .  and t h e  Bendix Corporation over the  r e s p c n s i b i l i t y  
f o r  the  o v e r a l l  i n t e g r a t i o n  of the  heat-flow instrument.  I persona l ly  
favored having Arthur D. L i t t l e  Inc.  assume t h s t  r o l e ,  which meant t h a t  the  
Arthur D. L i t t l e  Inc. would d e l i v e r  a complete instrument subsystem t o  be 
'plugged' i n t o  the  .iLSEP. I d i d  no t  have my way. The f i n a l  dec i s ion  rnade 
t h e  Bendix Corporation t h e  p r i n c i p a l  c o n t r a c t o r  and Arthur D. L i t t l e  a sub- 
con t rac to r  t o  Bendix, with a primary r e s p o n s i b i l i t y  f o r  instrument dcvelop- 
ment and t h e  manufacture of the  heat-flow subsurface  heat-flow probes,  which 
were t h e  primary components of the  experiment. Gulton I n d u s t r i e s  Incorporated 
of Albuquerque, New Mexico was chosen t o  develop t h e  e l e c t r o n i c  c i r c u i t r y .  
This award was given on t h e  b a s i s  o f  a c r i t i c a l  c i r c u i t  des ign which automa- 
t i c a l l y  compensated f o r  d r i f t s  i n  t h e  o f f s e t  and ga in  i n  t h e  necessary am- 
p l i f i e r s  and the  A-D conver te r s  needed t o  measure temperature.  The c i r c u i t  
design and its a p p l i c a t i o n  t o  t h e  meascrement of temperature d i f f e r e n c e  was 
p r imar i ly  due t o  Jay  Cox of Gulton I n d u s t r i e s .  
The D r i l l  ----- 
. For most of t h e  conceptual  des igns  of che experiment a d r i l l ,  capable o f  
pene t ra t ing  the  lunar  s u r f a c e ,  would be needed. NASA decided t o  manage t h i s  
development o u t s i d e  of t h e  ALSEP con t rac t .  There were two companies vying 
f o r  the  c o n t r a c t ;  The Nar t in  Marie t ta  Company of Balt imore,  Xaryland and 
the  Northrop Corporation of Ca l i fo rn ia .  The Martin Marie t tz  Company had 
e a r l i e r  experience developing space t o o l s  f o r  NASA, inc1.ucing a s u r f a c e  d r i l l ,  
and t h e  Xorthrop Corporation was involved i n  a deep lunar  d r i l l  development 
(deeper than 100 f e e t ) .  The Nar t in  X a r i e t t a  Compcny won the  c o n t r a c t .  
Nearly a l , l  of 1966 was spent  on the process of reviewing proposals ,  
m k i n g  s i t e  v i s i t s  and con t rac t  nego t ia t ions ;  i n  sunrmary, s e l e c t i n g  t h e  
i ndus t r i a l  members of the heat -flow experiment development team. The 
complete team was defined by the end of the  year. 
References -- 
Clark, SIP. , Jr, (1965) Soma ca lcu la t ions  pertaining t o  the  f e a s i b i l i t y  of 
maasuriag lunar  heat flow: Final  Report contract  NSG-600 , Pale U5iv. 
Clark, S.P., Jr. (1967) The i n  s i t u  measurement of lunar thennal conduc- 
t i v i t y ;  Inter im Report, NASA NGR 07-0-004-039, Yale University. 
Linsky, J.L. (1966) Models of the  lunar surface including temperature de- 
pendent t h e w  propert ies;  Icarus, v. 5, p. 606 
MacDonald, C.J.R., (1959) Chondrites and chemical composition of the ear th ;  
Fa Researches in Geochemistry, ed. P.H. Abelson; Wiley 6 Sons, a.'i . ,  p .  476 
NASA Special Report (1965) NASA SP-88 
Urey, H . C .  (1957) Boundary conditions for  theor ies  of the o r ig in  of the  
s o l a r  system; in,  Physics and Chemistry of the Earth, Volume 2, p. 46-76 
Watson, K. (1966) Thermal conduct int ;  of se lec ted  s i l i c a t e  powders i n  
vacuum from 150' - 350°K; Ph.D. t hes i s ,  Cal i fornia  I n s t i t u t e  of Technology - 
ORGANIZATION OF THE LUNAR HEAT-FLOW EXPERIMMT TEAM 
Principal investigator KG. Langseth, Lamant-Doherty Geologiclr Obser- 
vatory of Columbia University 
Coinvestigators - S . P .  Clark, Jt., Yale University 
J. L. Chute, Jr. - Lamont-Doherty Geological Observatory of Columbia 
University 
S.J. Xaihm - Lamont-Doherty Geological Observatory cf Columbia University 
M.G. Slnmns, Xassachusetts Institute of Technology 
Bendix Corporation, Aerospace Systems Division, Anr. Arbor, Michigan 
Principal Personnel 
K. Peacock, R. Gilscn, Wm. Johnson and B. S d th 
Heat-flow experiment subsystem integration; integration of the heat- 
flow experiment with the ALSEP system; design and fabricrition of the 
thermal housing for the heat-flow experiment; and, testing of the sub- 
systein for flight qualification and acceptance. 
Princigal Subcontractors 
-a=uuIu=n 
Arthur D. Little, Inc., Cambridge Massachusetts 
Principal Personnel ---- 
A. Wechsler, P. Glazer, E. Drake, F. Ruccia, D. Xathanson, R. Sanborn, 
E. Boudreaux, P. Felsenthal. 
Res~onsib ilit f.es --- .--.--
Design and fabrication of the heat-flow probes, testing and calibration 
of heat-flow probes; and theoretical studies of the probe performance. 
Gulton Industries, Albuquerque, Yew Mexico 
P r i n 9 a l  Ptrsonnml ------- 
J. Cox, J. Mason, R. Maschoff, R. Carlson 
R%onsibili t i e s  ----- 
Design, fabr ica t ion  and t e s t i ng  of the  e l ec t r cn ic s  subsystem 
Rosemount Eneineering Company, Minneapolis , Minnesota 
L. Lofgren, L. Rlaven 
Design, fabr ica t ion ,  ca l ibra t ior .  and performance testing of a l l  , 
platinrun res i s tance  t h e m m e t e r s  wed in the heat-flow experiment 
Lunar Surface Drill Prime Contractor 
s - n - m - * R m =  
Martin Marietta Corporation, i n i t i a l l y  a t  Baltimore, Maryland and l a t e r  
a t  Denver, Colorado 
P r i n a a l  We ~e ' r sonnel  
D. Crouch and Wm. Bri t ten  
Black and Decker Manufacturing Company, Baltimore, Maryland 
I11 . CONSTRAINTS OF THE CONCEPTUAL DESIGH OF THE 
EEAT-3LOW ELrPERIlEYl 
The pr inc ipa l  cons t ra in ts  on the c o t c e ~ t u a l  design of the experiment were: 
1 The mechanical ? roper t ies  of the  lunar  sur face  layer ;  
2) the  thermal propert ies  of t he  lunar  surface layer  and its heat  bc.dget; 
3) the weight and dlmensioaal cons t ra in ts  of the spacecraf t ;  and, 
4) the l imi ta t ions  of astronaut  a c t i v i t y  on the  lunar  surface. 
Since our knowledge of the  subsurface was l imited,  we decided t o  make the 
e.xperiment i n  such a way t h a t  r e l i a b l e  r e s u l t s  could be obtained over as wide 
a spectrum of mechanical and thennal propert ies  a s  pcsr ib le .  What fo l lovs  is 
h summary of the s t a t u s  of information about these cons t ra in ts  when the  design 
was s t a r t ed .  
Numerical Progert ies  
---I 
Some indicat ions of the  physical, cha rac t e r i s t i c s  of the lunar  s a i i  has been 
inferred from the  thenaal arid o p t i c a l  respocse of the  l u r a r  surface t o  s o l a r  
rad ia t ion  decades before the Apollo program. The f a c t s  tha t ,  a t  noon the mocn's 
surface temperature was nearly t h a t  required f o r  r ad i a t ive  steady state,ar.d 
the rapid cool do^ a f t e r  sunset ,  o r  during an ec l ipse ,  indicated. tha t  the surface 
layer  had an extremely low thermal i n e r t i a  ( K ~ c ) ' / ~  (Wesaclink, 1948 end 
Jaeget ,  1953). Xictowave observations throughout a lwer day indicated tha t  
subsurface mater ials  t o  a depth of severa l  centimeters had a very low con- 
duc t iv i ty  as w e l l  (Piddington and Minnett, 1940). The kighly insc la t ing  
thennal propert ies  of the lunar  surface could be bes t  explained. i f  the  surface 
mater ial  was f ine ly  powdered mater ial  i n  a vscuum. Pkotometric ot,servatiot.s of 
low r lh tdo ,  peaking of br ightness  a t  zero phase and, low pol.ar1zation a l s c  
indicated tha t  the lunar surf  ace was coverer! nearly evetyt;ht:re by extreneljr f i n e  
fowders (e.g. Hapke, 1971). 
Further ve r i f i ca t ion  of the  dusty nature of the lunar  s c r f r ce  came with the 
Panger mfsrions . Righ reso lu t ion  phc. tographs shoved tha t  topography a t  the: 
smallest  s ca l e  was rounded and smoothed by a blanket of ua t e r i a l  t ha t  pre- 
va i led  evelywhere except over f resh  c ra t e r s .  The ranger photographs a l so  
revealed t h a t  the lunar  mare surfaces were ~ e p p e r e d  everyvbere by c r a t e r s  up 
t o  30 meters in s i z e  (see, Ranger PI11 and TX, T e c h i c a l  Repcrt # 32-800, p. 
161-170). This obeematioe suggested the mare surfaces had been h i t  every- 
where at lmst once by objec ts  l a rge  enough t o  c rea te  c r a t e r s  t t ierty to  t h i r t y  
meters i n  diameter. Such c r a t e r s  would be from three  t o  s i x  meters deep, 
based on experiments i n  mater ia l s  simulating thcse thocght t o  e x i s t  on the 
lrmar surface.. I f  c r a t e r s  t h i s  deep, o r  deeper, hs.d excavated mater ial  during 
a hypervelocity impact, then the  scr face  l aye r  of the  melon wocld cons is t  of 
fine fragmants and rock debr i s  t o  a t  l e a s t  these depths. 
The Surveyor W s i o n s  provided the  f i r s t  eye l e v e l  view of the lunar  sur- 
face. These views showed severa l  meter-sized boulders and numerous s r a l l e r  
rock fragments strewn over the  lunar  surface. (Sbrvcyor Project  Final Report, 
Par t  11. Technical Report 32-1265 DL). 
The Suroeyor Missions a l so  provided the f i r s t  d i r e c t  inforuat ion or. the 
d is t r ibu t ior .  of s t a i n  s i z e s  i n  the  near surface l aye r  of the  regol i th .  These 
d i s t r i b r t i o n s  ware fcund t o  vary from s i t e  to  s l t e ;  but ,  i n  general,  only 1% 
of the volume was comprized of fragments ten c e r t i m e t e r s o r  l a rge r  in  
diameter. ( ~ i g u r e  111- 1) - 
The s o i l  mechanics experiments which were f l o m  on scme of the  Sumeyor 
Missions cculd perform simple mechanical t e s t s  on the. s o i l  t o  a depth of 
several. centimeters. The t e s t s  showec! the s o i l  t o  have l i t t l e  cohesion znd 
3 
2. densi ty  of about 1.5 gm/cm . However, trench digging expetiments showed the 
res i s tance  of the s o i l  t o  penetrat ion increased a t  depths of f i v e  t o  ten 
centimeters. 
Thermal - Propert ies  
Infrared and microwave observations of the lunar  surface had provided much 
information on the t b e d  propert ies  and temperatures of the regol i th .  
Observations of the temperature Crop of the lunar  sc r facc  during a t o t a l  
ec l ipse  indicated the thermal i n e r t i a  of the very near surface m t e r i a l  is about 
-2 -1/2"K-1 7.7  10%1 a . A t  200°K. ttis correspords t o  a c o n d ~ c t i v i t y  
of 4 x 1 0 - ~ c a l  ~ n ~ s e c - ~ " ~ .  o r  1.5 x ~ O - ~ U  cm-"fl, a s s w i n g  PC = 0.16 cal. 
cmo3~1(. The surface tmpera tu re  decay curve during the lurar ntgbt  hcwever 
was best  f i t  bg a thermal i n e r t i a  of 1.25 x lom3, which ccrrerpcnds t o  a 
-1 'l"K-l 
conductivity a t  200°K of 7.7 x 1o06cal cm see , o r  3.2 x 10-~l i .c t  
-l+ cm . These r a s c l t s  a r e  extracted from a sumwry given by S h c r t h i l l  (1972). 
Figure 111-1 
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Figure 111-2 
, The d i f f e r e n c e  i n  the  t h e n r a l  i n e r t i a  between t h e  two types of obse rvs t ions ;  
t h e  ecJ.ipse 0 1 t h  an umbra1 period of about t h r e e  hems and t h e  l u n a r  n ight-  
time of abc-ut 350 hours,  r e s u l t e d  from an i n c r e a s e  i n  thermal cor,dt;ctivity 
I v i t h  depth. 
High resolueion i n f r a r e d  scans  of t h e  l u n a r  su r face  showed c e r t a i n  a r e a s  
t h a t  remained r e l a t i v e l y  ho t  dur ing an e c l i p s e .  These became kr:ovl? a s  hot 
s p o t s  and genera l ly  co inc ide  wi th  t h e  1.ocation of l a r g e  f r e s h  c r a t e r s .  It 
is now g e n e r a l l y  agreed t h a t  t h e s e  anomalies a r e  due t o  h igher  abundance of 
s o l i d  rock fragmer.ts around these  c r a t e r s .  The g e l i d  rocks htve  much g r e a t e r  
thermal i n e r t i a s  (about 4.5 x 10-'cal. co-2sec'1ef1) than t h e  t p ~ i c a l  regol. i th.  
However, before the  Sbrveycr program the  n a t u r e  c f  these  hot s p o t s  wes 
Ceba.table. 
T?ie - h a t  b u d e s :  The t t e rmal  p r o p e r t i e s  frexn remote measurements permitted 
ca lcu lae ions  of t h e  t r a n s i e n t  and s teady  s t a t e  hea t  budget i n  t h e  r e g o l i t h .  
I Rather conservat ive  l i m i t s  on phys ica l  p r o p e r t i e s  were assumed f o r  such ca l -  
( 
i c u l a t i o n s  based oa  t h e  high v a r i a b i l i t y  of t h e  p r o p e r t i e s  o tservad over  the  
su r face .  
Per iod ic  v a r i a t i o n s ,  due t o  t h e  luna t ion  cyc les ,  were of primary cotcern .  
A t  t h e  s u r f a c e  they had a peak t o  peak amplitud,e of n e ~ r l y  30CeK, b u t  u i t h  t h e  
genera l ly  low thermal c o n d u c t i v i t i e s  t h e  r e s u l t i n g  the nnal w ~ v r  propagating 
I 
I 
I downward i n t o  t h e  subsurface  would be r a ~ i d l y  a t t enua tec .  An example ccmputed 
by Clark (1965) is shorn in  Figure 111-2). The model is a 20 cm l a y e r  wi th  - 3 
a thermal i n e r t i a  of 2.24 x 10 c a l  sm~20~-1rcc-1'20ver s o l i d  rock o f  b a s a l t i c  
compositioc. It is c l e a r  t t a t  the  amplitude is reducer! t o  o r l y  a few degrees,  
20 cm below t h e  su r face .  
There is a l s c  an annual v a r i a t i o r  i n  mean temperature due t o  the  eccen t r i -  
I 
c i t y  of t h e  ear th-mcn systems' o r b i t  aboct t h e  scn. The amplitude o f  t h i s  va- 
I 
I r i a t i o n  is rbcu t  3'R peak t o  peak; however, t h e  a t t e n c a t i o n  f a c t o r  is 3.5 
i 
I times lower, s o  t h a t  some v a r i a t i o a  due t o  t h i s  a r a u e l  cyc le  might be observed 
I , , a t  depths o f  a meter o r  more. 
Steady -- S t a t e  Gradient Due t o  Heat Flow: The bases f o r  es t imat ing  the  v t l u e  --------- 
f 
of t h e  g rad ien t  i n  mean temperature with depth r e d  t i n g  from hea t  flow from 
the  lunar  i n t e r i o r  were: 
2 3 
1)  Microwave observatiorrs of br ightness  temperature gradient  and u ~ d e l s  cf  
the thermal evolution of. the won,  based on c o s u ~ l o g i c ~ . l l y  reesocable &bun- 
dances of heat-generating lon&-lived radioact ive isctopcs.  
2) The range of estimates of theraa l  conductivity vhich takes i n to  accomt  
the observations described rbove and a l so  the poss ib i l i t y  t ha t  a s ign i f i can t  
increase in the t o t a l  mtat of s c l i d  rock fragmccts below dcpehs of t e t s  of 
cantimetars could s igz i f i can t ly  increase the conductivity thcre.  
Microwave ebservations were in te rpre ted  by Troitsky (1965) t o  ind ica te  t ha t  
h a t  f low from the moon was slmllar tc  t h a t  obsenred f o r  the e r r t h  (i.8. 6.3 pW 
d 2 ) .  We tack t h i s  value 8n UFPW lbit. For the lover  l-t,we w e d  
d r i t i c  model of the  moon, Kith a uranium abwdance of only 11 ppt ant an i n i t i a l  
temparature near zero 'C (see, f o r  example, Reyno1.d~ e t  a l . ,  1972 , who gives - 2 e value of about 1.0 pw cm f o r  such a model). 
The rangr of conduct ivi t ies  of the r ego l i t h  was takan t o  be 2 x W cm -1 
@ K ' ~  to 4. loo4 W ca -lOK-1 (see, f o r  example, Langseth e t  a l . ,  1968). The 
high upper limit ref lec ted  uncer ta in t ies  a s  t c  the cocductivity below 20 cm. 
When these two ranges a r e  ccmbined, the range of e q e c t e d  gradients  r e su l t i ng  
from heat flow frdm the i n t e r i o r  of the mom is 2.4 x l ~ - ~ ~ ~ i c m . t o  0.314°K/cm 
c r ,  in terms of the temperature difference expected over a oqe mcter depth 
in t e rva l ,  0.24 @K to  31.4 OK. 
g=%State Gradient Associated with the Radiative Hett Tracsfer i n  the 
---U---CII-U-----.--~--.------------------- 
l&er Regolith: - Linsky, 196E pointed cu t  the p c s s i b i l i t y  of a subs t an t i a l  
temperature gradient in the upper few cert imeters  cf the lunar  surface r a t e r i a l  
due t o  the s t rong temperature dependetcr of f i ne ly  dividec! pa r t i cu l a t e  material  
i n  vacuum. This deperdeace r e s u l t s  from the prominent role of r ad t a t ive  heat 
exchange bemeen the individual. p a r t i L e s .  Evscuated powders 2s a conscqcence, 
t r ans fe r  heat f a r  more e f f i c i e n t l y  at high temperature than a t  low teriperature. 
This nonlinear behcvior r e s u l t s  i n  a ne t  f l ux  of heat  i n to  lunar r egc l i t h  during 
the lunation cycle w-dch Eiust be counterbalanced by a steady temperature gra- 
d ien t  t o  maintain the overa l l  energy talance.  llte conaeqcences of t h i s  behr.vior 
of lunar  surface mater ial  a r e  important to the design of the heat-flow ex- i 
perirner.t. F i r s t l y ,  the  mew, temperature grad ier t  i n  the cppenncest layer  (0- 
10 cm) w i l l  be doe t o  the nonl ineari ty  of heat t ransfer  and r o t  to  the heat I 
f l u  frcm the i n t e r i o r .  As we noted e a r l i e r ,  t h i s  phrnomeron m l e r  out the 
use of a surface blanket o r  wefer-type h a r t  f l ov  meter. . Secondly, any c h ~ n g e  
Ln tke rad ia t ive  p r o p c r t i e ~  of the near surface layer  w i l l  cause a change i n  the 
subrurface temperature because there 1s a rearor.tible c h n c e  t h a t  the r a t i o  of 
r a d i a t i v e  t o  conductive k e t c  t r a n s f e r  w i l l  have been changed. 
It should a130 be noted t h a t  t t i s  e f f e c t  would hrve i ~ p o r t a o t  consequances 
f o r  t h e  l n t e r p r e t a c i o n  of microwwe observa t i cns  from any planetary b ~ d y  t k a t  
has a powdery s u r f a c e  and a very t e n u c w  atmosfhere 
Spece Cons t ra in t s  . -- 
One of t h e  most s i g n i f i c a n t  c o n s t t a i n t s  placed on t h e  a q . e r i m e n t 1 s  des ign 
was t h e  s i z e  of t h e  comportment i n  whick t h e  Lnrtrumcnc was t o  be stoved dur ing 
t h e  f l i g h t  t o  the w o n ,  The moximum l eng th  o f  an c b t a c t  t o  be pl.aceC i n  the  
compartmert wes cbout 63 cm. This meant t h a t  any probe we  wist.ed t o  emplace t 3  
depths g r e a t e r  than 60 em had t o  be folded,  col lapsed,  o r  t ak tn  a p a r t  t o  be 
stowed. 
The l a r g e  a c c e l e r a t i o n s  the  .instrument would encocnter dcr ing 1aunchi.ng 
a f  ?.he Xpollo rocket ,  due t o  v i b r a t i o n  w,d shock, were anotksr  important 
c a r s i d e r a t i o n .  Most accura te  temperature sensors  s u f f e r  s h i f t s  i n  t: e i r  
calibrations when they a r e  subjected t o  l a r g e  a c c e l e r a t i o n s .  
Less demanding c o n s t r a i n t s ,  a s  f a r  a s  decign was concerned, were t h e  
maximum weight of about 4.5 kg, t h e  maxln!um of peak pover allowed which was 
9 watts, and the  range of  temperature9 tb.at the  experiment wovld experience 
90% t o  400°K. 
Astronaut Surface A c t i v i g  
..-I__------- 
The dis tusbance c f  a dus t  covered lunar  s c r f a c e  by an  astronaut.  a s  '-.& is 
s e t t i n g  up experiments on t h e  s u r f a c e  car. have a yxf0ur.d e f f e c t  on the su t sur -  
f ace  thermal regime. The f o o t p r i n t s  anc! the  dust  kicked UF by wplking chwge  
t h e  s u r f a c e  r a d i a t i v e  p r o p e r t i e s  ( t h e  su r face  albedc acd the. I R  emiss iv i ty )  atd 
t h e  thermal i n e r t i a .  These chsnges in s u r f a c e  p r o p e r t i e s  could cause a change 
i n  s u r f a c e  temperature and consequently,  a chacge i n  heat  flow through t h e  
subsurface.  These changes take years  t o  propagate dowr t o  the  depth of a 
meter o r  more. 
Other desfgn considerat ions  had t o  take i n t o  accour t  t h a t  the  a s t r m a v t  
be g r e a t l y  ercumbered by h i s  specesuf t .  I n  p a r t i c u l a r ,  t h e  gloves g r e a t l y  
wc uld 
reduced t h e  manual d e x t e r i t y  as compared t o  the  use of the. br.re h i d .  XCdi- 
r i o n a l  cons idera t ions  ve re :  t h a t  t h e  deployment of the  e r p e r i ~ e n t  d n  the  scr- 
face  had t o  be accomplished. i n  the  shortest poss ib le  time In order  t o  maxisize 
the  ni-mber of t a sks  tba astronauts could accomplish d u r i n ~  t h e i r  b r i e f  s t ay .  
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FLIGHT HISTORY HEAT-FLOW EXPEWENT 
Apollo program plans ca i led  f o r  the heat-flow experiment to  be flown on 
Apollo missions 13, 15 and 16. Mission 13 never landed on the  lunar  surface 
because of the  explosion of the  oxygen tank i n  the CSM fue l  c e l l .  After many 
months of preparation with James Love11 and Fred Raise, the commander and 
lunar  module p i l o t  on the mission, i t  was very disappointing t o  have our f i r s t  
f l i g h t  instrument burn up as  the lunar  module reentered the atmosphere over 
Australia.  In  re t rospec t ,  a heat-flew measurement a t  the  Fra Mauro s i t e  
( the  Apollo 13 t a rge t  s i t e )  would have been very valuable. Later  o r b i t a l  dzta  
showed t h i s  regior. to  have the  highest  surface abundance of long-lived 
radioisotcpes; thus,  a meascrement there  would have provided a valuable end 
point f o r  a heat flow and surface heat  production cor re la t ion .  Secondly, w e  
would have had an e a r l i e r  indicat ion of the problems o f  d r i l l i n g  the r ego l i t h  
and could have been b e t t e r  prepared fo r  the l a t e r  missions. 
,The time was too shor t  between the Apollo 13  and 14 missions to  reconfigure 
tke Apollo 14 ALSEP t o  carry the heat-flow experiment. Consequently, our 
f i r s t  opportunity to  emplace the experiment on the lunar surface came with the 
kpollo 15 mission t o  lllma Hadley. 
Both astronauts  worked t o  s e t  up the ALSEP s t a t i c n  and ar ray  of experiments, 
however. Dr i l l ing  the holes and emplacing the heat-flow probes was the task of 
Cavid Scot t ,  the mission commander. The d r i l l i n g  proceeded badly. After the 
f i r s t  meter of penetrat ion,  Commander Scot t  reported tha t  the  d r i l l i n g  was 
ge t t ing  ' s t i f f '  and downward progress stopped. He managed t o  d r i l l  two 
sect ions of the borestem down t o  a depth of about one meter, and to continue 
an addi t ional  sec t ion  of borestem would have t o  be added. To disconnect the 
d r i l l  power head frcm the d r i l l s t r i n g  require6 a ccunterclocIwise twist of 
the head r e l a t i v e  to the  d r i l l s t r i n g  to  re lease  a c o l l e t  over the  tapered 
upper jo in t .  However, there was no su f f i c i en t  counter tcrque on the stem 
to re lease  the co l l e t .  With g r e a t . d i f f i c u l t y  Dave. Scot t  managed t o  put a wrench 
on t h e  stem. The s t r u g g l e  was p a i n f u l  t o  watch, t h e  s p a c e s u i t  made t h e  
s tooping and bending movements extremely d i f f i c u l t .  It was oc ly  t h e  physi- 
cal  s t r e n g t h  and pers is tence.  of Dave S c o t t  t h a t  allowed him t o  accomplish 
t h e  task.  A f t e r  a d d h g  two more s e c t i o n s , S c o t t  managed t o  cont inue pene- 
t r a t i n g  t o  a t o t a l  depth  of 170 cm. By t h i s  time he was applying h i s  f u l l  
l u n a r  weight t o  t h e  powerhtad and t h e  d r i l l ' s  m t o r  was s t a l l i n g .  A t  t h i s  
po in t ,  i t  was decided t o  remove t h e  powerhead and insert t h e  f i r s t  heat-flow 
probe, even though t h e  b i t  was s t i l l  one meter above t h e  t a r g e t  depth. 
Again, i t  was extremely d:fficult t o  g e t  t h e  c o l l e t  t o  r e l e a s e  its g r i p  on t h e  
upper t a p e r  j o i n t ;  b u t ,  aga in  S c o t t  succeeded a f t e r  a cumbersome s t rugg le .  
A f t e r  t h e  emplacement of t h e  f i r s t  probe, i t  was decided t o  go ahead and 
t u r n  on t h e  experiment. This would a l low us t o  s e e  i f  the experiment was 
working proper ly  be fore  expending t h e  va luab le  time and a s t r o n a u t  e f f o r t  on 
completing t h e  d r i l l i n g  f o r  t h e  second probe. It operated p e r f e c t l y .  
The seccnd d r i l l  h o l e  was s t a r t e d ,  b u t  inmediate ly  t h e  same d i f f i c u l t i e s  
were encountered. The sc ience  team i n  t h e  ALSEP roo= decided t o  c a l l  a s t o p  
t o  deployment. of t h e  heat-flow experiment u n t i l  t h e  second EVA: The power- 
head was l e f t  on 'the d r i l l s t e m  a f t e r  pene t ra t ing  about one meter. 
Between EVA'S t h e r e  were h a s t y  conferences at mission c o n t r o l  t o  t r y  t o  
diagnose t h e  problems c f  t h e  d r i l l  based on performance. The concensus of 
oplnion was t h a t  S c o t t  was a p p l y h g  too much downward f o r c e  on t h e  d r i l l  and 
no t  a l lowing t h e  d r i l l e d  s a t e r i a l  t o  c l e a r  ou t  of t h e  hole .  Befor5 t h e  
second EVA S c o t t  was advised t o  try t o  hold t h e  d r i l l  back, t c  a c t W l l y  p u l l  
u~ i f  necessary  t o  he lp  c l e a r  the  c u t t i n g s .  
Soon a f t z r  t h e  s e c ~ n d  EVA began, S c o t t  resumed t h e  t a s k  of d r i l l i n g .  He 
t r i e d  t o  r e s t r a i n  t h e  Gownward progress  of t h e  d r i l l ,  but  commented t k a t  t h e  
stem seeme*. t o  be auger ing deeper i o t o  t h e  r e g o l i t h .  A t  one point  i n  t h e  
Grilling, t h e r e  was a n o t i c e a b l e  r e l e a s e  of torque and S c o t t  commented t h a t  
it had f reed.  La te r ,  a n a l y s i s  of t h e  f i lms  and t h e  photographs showed t h a t  
t h e  d r i l l s t e m  had a c t u a l l y  pa r ted  at one of t h e  j o i n t s  below t h e  s u r f a c e  and, 
t h e r e f o r e ,  t h s  stem a t t ached  t o  t h e  poverhead no longer  had a b i t .  Even without 
t h e  b i t ,  t h e  d r i l l  c o n t i m e d  t o  p e n e t r a t e  twerty t o  t h i r t y  a d d i t i o t a l  c e n t i -  
meters and then s t a l l e d .  We decided t o  h a l t  t h e  d r i l l i n g  a t  t h a t  point .  
S c o t t  had t h e  same d i f f i c u l t y  removing t h e  poverhead a s  before ,  but f i n a l l y  
managed i t .  The sacand probe was i n s e r t e d ,  but  when i t  reached t h e  bottom 
of t h e  ho le ,  t h e  top of t h e  Frobe s t i l l  protruded.. Commander S c o t t  f e l t  t h a t  
t h e r e  was some c b s t r u c t i o n  i n  the  ho le ,  but  a rapid  misca lcu la t ion  on e a r t h  
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Temperature histories of the sensors on probe 1 during the first 300 hours after ewplacement. 
The subsurface geometry of ct~e probe and temperature as a function of depth are shown on the 
left. Temperature as a function of time is shown on the right. 
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Temperature h i s t o r i e s  o f  the sensors  on probe 2 during the f i t s t  300 hours a f t e r  emplacement. 
The subsurface geometry o f  the probe and temperature a s  a f u n c t i m  o f  depth are  shown on the 
l e f t .  Temperature a s  a funct ion of time is shown or. :he r i g h t .  
assured him t h a t  everythin& was as expected. 
It' was abundantly c l e a r  t h a t  t h e  d r i l l  t h a t  we had designed t o  p e n e t r a t e  
t h e  l u n a r  r e g o l i t h  was not  up t o  the  task;  nonetheless ,  we had t h e m m e t e r s  
t u r i e d  ia t h e  subsurface .  The deepest  was bur ied t o  a depth o f  137 cm. This 
depth was s u f f i c i e n t  t o  a s s u r e  an acccrat-t  measurement of t h e  subsurface  
temperature g rad ien t .  I n  Figures IV-1 and IV-2 wa show t h e  evo1.ution of 
t h e  temperature versus  depth p r o f i l e s  measured by t h e  probes, f o r  t h e  f i r s t  
300 hours a f t e r  emplacement. Notice t h a t ,  t h e  i n i t i a l  temperature prof I l e s  
cf both  probes decreased wi th  def th;  bu t ,  as t h e  probe slowly e q u i l i b r a t e d  
5 3 t h  t h e  surrounding r e g o l i t h ,  a g rad ien t  of n e a r l y  1.7°C/m was e s t a b l i s h e d  
i n  t h e  lower 70 an of t h e  hole .  It took more than a month f o r  t h e  probe t o  
f u l l y  e q u i l i b r a t e ,  which a t t e s t s  t o  t h e  extremely low thermal conduc t iv i ty  of 
the  r e g o l i t h  . A f e a t u r e  of t h e  e a r l y  temperature p r o f i l e s  of probe 1 was 
very p e r t i n e n t  t o  t h e  d r i l l i n g  problem. The thermometers a d j a c e r t  t o  t h e  
tapered j o i n t  show high temperature i n d i c a t i n g  a high f r i c t i o n a l  hea t ing  a t  
t h i s  pc in t .  
p e  D e e ~  Core S a m e  
The 1uns.r d r i l l  was a l s o  used. on Apollo 15 t o  o b t a i c  a deep core  about 
two and a h a l f  meters long. S c o t t  aga in  operated t h e  d r i l l  and i t  pene t ra ted  
the  r e g o l i t h  q u i t e  r e a d i l y .  The d i f f i c u l t i e s  came when t h e  d r i l l  was t o  be  
ex t rac ted .  S c o t t  simply could no t  g e t  t h e  c ' r i l l  t o  p u l l  up d e s p i t e  applying 
rower; which, i f  t h e  d r i l l  were he ld  s teady,  would he lp  c l e a r  c u t t i n g s  o u t  of 
the  hole .  Ins tead ,  t h e  d r i l l  tended t o  t w i s t  i t s e l f  f a r t h e r  doc... F i o a l l y  
wi th  g r e a t  e f f o r t  and Jim I w i n ' s  he lp  t h e  two pul led  t h e  d r i l l  up. 
La te r  a n a l y s i s  of the  core  samp1.e~ showed t h a t  t h e  m a t c r l a l  a t  uepths 
g r e a t e r  than two meters had l a i n  unt2.sturbed f o r  a h a l f  b i l l i o n  years .  
D i a g n o s i n ~  t h e  D r i l l  Problem - --- 
The.problem wi th  t h e  d r i l l  was simple.  The scbsurface  of the! r e g o l i t h  
was much denser  than we  had supposed. The r e g o l i t h ,  a t  l e a s t  t o  a depth  of 
a few meters,  is mainly composed of extremely f i n e  d u s t  of rocky anC g lassy  
fragments; y e t  i t  is packed s o  densely t h a t  it  cannot be f u r t h e r  compressed 
v i t h o c t  g r e a t  e f f o r t .  This c h a r a c t e r  of t h e  lur .ar  s o i l  l a y e r  reqc i red  t h a t  
a l l  of t h e  d r i l l  c u t t i n g s  pass up a l o r g s i d e  t h e  d r i l l  stem t o  t k e  su r face .  
The bulges i n  t h e  stem a t  each j o i n t  prevented t h i s ;  and, conseqcently,  t h e  
d r i l l  was augering its way I n t o  the  moon a s  Dave Sco t t  had noted. We hed 
mistakenly asstsued, baaed on models of the  lunar  surface l aye r ,  t h a t  the 
cc t t i ngs  could be e a s i l y  cc.mpressed in t c  the adjacent mater ial .  
The poor performance of t he  d r i l l  on the Apol.10 15 mission could be 
completely explained by t h i s  hypothesis and i t  was dmonst ra ted  by running 
t e s t s  in a t e s t  bed of highly densif ied basa l t  powder. During these t e s t s ,  
the  d r i l l  would penetrate  beaut i fu l ly  until a j o i n t  entered the  s o i l .  Then 
the penetrat ion sloved and eventual ly the Plotor s t a l l e d .  
The problem w a s  solved by chmging the  design of t he  j o i n t  so t h a t  there  
was uo bulge and so t t a t  the s p i r a l  f l u t i n g  t h a t  moved the cu t t i ng  up the hole ' 
continued through the jo in t s .  To do t h i s ,  w e  had t o  bond ti tanium j o i n t s  
onto the ends of the composite borestems. A t  the same time, we lengthened 
each sectiot,  so  t h a t  fewer j o i n t s  were required. We adjusted the lengths 
so t h a t  no thennometer was immediately adjacent t o  a t i tanium jo in t .  The 
redesigned d r i l l  stem d r i l l e d  the  high densi ty  basa l t  powder model. eas i ly .  
A redesign of the wrench t h a t  decoupled the  powerhead frcm the borestem 
was a l so  needed to'make i t  e a s i e r  f o r  an astronaut  to use. To overcome 
the problem of re t r iev ing  the deep d r i l l  core an ex t rac tor ,  with a grea te r  
mechanical advantage, was designed. A l l  of these modifications were made, 
tes ted  and f l i g h t  ra ted  in the  e ight  month in t e rna l  between Ayol.10 15 and 16. 
A ~ l l o  1 6  - The H i g h l a n d  S i t e  - -
Charles Duke, she lunar  module p i l o t  on the Apollo 15 mission was ac t ive  
in the  redesigning and r e t e s t i n g  of t he  d r i l l .  Being t a l l e r  than John Young, 
the coormander of Apollo 16, Charlie was assigned the d r i l l i n g  task,  s ince  it 
was e a s i e r  f o r  him t o  manage the long f i r s t  sect ion.  Charl ie  was a perceptive 
engineer and helped grea t ly  with a l l  the phases of the modifications t o  the 
d r i l l .  
The d r i l l i n g  went per fec t ly  f o r  the  f i r s t  heat-flow hole. Each sec t ion  
sank slowly, but sure ly  i n t o  the regol i th .  However, as Duke was in se r t i ng  the 
f i r s t  probe, John Young who was bus i ly  engaged i n  s e t t i n g  up o ther  experiments 
of the ALSEP ar ray ,  caught the  f l a t  cable t h a t  connects the  heat-flow experiment 
to  the ALSEP c e n t r a l  s t a t i o n  over h i s  boot. Before he f e l t  the tug of the 
cable, o r  before any word of warning could be relayed f r ~ m  the gz md, the 
cable mapped r a the r  e a s i l y  a t  the connector t h a t  plugged i n t o  the cen t r a l  
s t a t i on .  
John Young apologized d e j e c t e d l y  when he  discovered t h e  heat-flow cab le  
had beccme completely t o r n  o f f .  Char l i e  Duke grumbled about the  time wasted 
in d r i l l i n g  the  ho le  and i n s e r t i n g  a probe t h a t  would never be used. Upcn 
c l o s e r  inspect ion,  t h e  a s t r o n a u t s  f o m d  t h a t  t h e  cab le  had t o r n  o f f  cl.eanly 
and square ly  r i g h t  at  t h e  outermost clamp of  t h e  a s t r o a a t e  plug, t h e  con- 
o e c t o r  t o  t h e  ALSEP t r a n s m i t t e r  ( see  Sect ion 111). S t r a i n  rel ie:  had n o t  
been provided f o r  a t e a r i n g  motion. The o u t e r  rim of t h e  clap f r ~ m  which 
t h e  c a b l e  emerged had a sharp  square  c o m e r  t h a t  undoubtedly helped in s t a r t i n g  
t h e  t e a r i n g  ac t ion .  The t e n s i l e  s t r e n g t h  o f  t h e  cab le  ras s u f f i c i e n t  t o  
withstand almost any imaginable tug  t h a t  an a s t r o n a u t  might apply. Because 
of the s o f t  na tu re  of t h e  l u n a r  s u r f a c e  and t h e  poor dcwnvard v i s i b i l i t y  cf  
t h e  a s t r o n a u t  thatrh.e&elmet a f fo rded  t h e r e  w a s  a good l ikelyhood t h a t  they 
could t r i p  cver  one o r  more o f  t h e  many wires  t h a t  r a d i a t e d  ou t  from t h e  
c e n t r a l  s t a t i o n .  The cab les  and plugs were designed t o  withstand t h i s  even- 
t u a l i t y .  It was another  des ign  f a i l u r e  t h a t  completely negated a l l  o f  t h e  
heat-flow team's preparat ion f o r  t h e  mission. 
There was a f a i n t  r a y  c f  hope, The cab le  was t o r n  s o  c l e a n l y  t h a t  t h e r e  
vas a p o s s i b i l i t y  It could be repaired.  .Thus, between t h e  f i r s t  and t h e  t h i r d  
EVA'S we began a nonstop e f f o r t  t o  d iscover  a way t o  remake t h e  twenty o r  
uore  e l e c t r i c a l  connections.  If t h e  'Astromate Connector' could be disconnected 
from t h e  c e n t r a l  s t a t i o n ,  i f  t h e  probe could be pu l led  ou t  o f  t h e  borwtem 
v i t h o u t  damage, i f  t h e  whole experiment could be bagged and c a r r i e d  back i n t o  
t h e  L a ,  i f  t h e  t o o l s  e x i s t e d  t o  open t h e  clamp, i f  t h e  i n s u l a t i o n  or. t h e  
f l a t  cab le  could be removed t o  expose t h e  s u r f a c e  of the. r ibbons of copper 
conductor without damaging them, i f  t h e  cab le  could be i n s e r t e d  back i n t o  
t h e  plug s o  t h a t  most of t h e  c o n t a c t s  were gocd, and i f  t h e  repa i red  experi-  
Eent could be s e t  up on t h e  lunar  s c r f a c e ,  t h e  hea t  f low experiment could 
be  saved. 
A Poss ib le  Repair of t h e 0 1 1 0  16 Accident --- __U_------ 
Developing a f i x  was an a l l -ou t  e f f o r t .  NASA assigned i ts 'Tiger Team' 
t o  t h e  problem. The p r i n c i p a l s  were Don Arabian and Fred Haise. Haise donned 
h i s  space s u i t  to  determine whether the  ' A s t r o n a ~ t  Connection' cocld  ke 
disconnected from the c e n t r a l  s t a t i o c .  It could be done i f  t h e  s t a t i o n  housing 
were t i l t e d  baclcvard and t h e  a s t r o n a u t  v i r t u a l l y  got  dowa on a l l  fours .  The 
r e s t  of us worked on ways of s t r i p p i n g  t h e  i n s u l a t i o n  away from t h e  corLdcctors 
on t h e  ribbon cable .  Any sharp edged t o c l  could be used a s  long a s  one were 
pat ien t  enough. However, i t  was not ce r t a in  what tao1.s the astronauts  had 
on board the lunar mcdule. Each astronaut car r ied  a d iscre t iocary  packet of 
things not inventoried. There was some hope tha t  e i t h e r  Duke's o r  Young's 
packet contained a sharp edged tool .  Another p o s s i b i l i t y  wzs co use one of 
the lunar  rocks. The harder breccias  were an idca l  abrasive,  so tha t  they 
could be used much l i k e  a coarse whetstone. By r o l l i n g  ribbon cable  over a 
hard mandrel and rubbing firmly, but carefu l ly ,  with a f l a t  s i d e  of a s tone 
the insu la t ion  could be removed with only s l i g h t  daamee t o  the  copper conductor 
inside.  
By 7 a.m. the  next morning, a procedure had been wr i t ten  m d  Don Arabian 
was ta lking Fred Haise thrcugh a s h u l a t l o n  cf the repa i r .  After  the  simula- 
t i o n t h e r e p a i r e d  plug was tes ted  and most, but not a l l ,  of the contacts  were 
good. However, enough were good to  give useful temperature da ta  thmks  t o  
considerable redundancy i n  the  use of t he  ccnductors. The amazing thing to  
me was t ha t ,  while the  enthusiasm and energy of most of us seemed t o  f l a g  
through the wee hours of the  morning, Arabian and Haise seemed t o  gain i n  
s t rength.  By 8 a.m. they were working with the vigor most of us had s t a r t e d  
with twelve hours e a r l i e r .  I l a t e r  learned t h a t  Arabian had been UF the two". 
preceding nights  working on the problem of the e r r an t  t h rus t e r  ccnt ro ls  i n  
the command module t h a t  nearly cancelled the  Apollo 16 lunar  landing. 
A t  about 9 the  next morning, an ad hoc bcard cons is t ing  of top members 
of the Apollo Program Directorate  convened. Arabian pressnted the procedure 
f o r  carrying out the repa i r .  Thereweremany a t t r a c t i v e  reasons f o r  t ry ing  i t .  
F i r s t l y ,  i t  m u l d  be a convincing demonstration of the valuable ro l e  men play 
i n  space missions. The r epa i r  would have s t r o t g  publ ic  r e l a t i ons  appeal,  
espec ia l ly  the poss ib i l i t y  of using lunar  material  t c  do it .  The heat-flow 
program had the highest p r i o r i t y  of a l l  the ALSEP experiments, s c  t h a t  one 
of the pr inc ipa l  object ives  of the mission would have been saved. This was 
the l a s t  chance t o  get a heat-flow measurement i n  the highland areas  during 
the Apollo Program. 
But, the reasons f o r  not t rying the repa i r  were s t ronger .  To gather up 
the experiment a t  the end of EVA 2 would cu t  about a half  hour of time from 
other  pa r t s  of the science program. Another hour a t  the s t a r t  of EVA 3 to  s e t  
the repaired experiment back up would have precluded the t r i p  t o  North Crater ,  
a primary geological t a r g e t  of the mission. The p r o t a b i l i t y  of a successful 
repa i r  was not very high, so t h a t  a l l  t h i s  time could conceivably be vasted. 
Most importantly however, was the f ac t  t ha t  the  r epa i r  t o  the cable had to  
be done ins ide  the  lunar  module and it wcul.d cu t  i n t o  the r e s t  time of Charles 
Duke and John Young between EVAS 2 and 3. After  EVA? they would have to  
perform the c r i t i c a l  launch from the lunar surface and rendezvous without 
r e s t ,  
On balance then, i t  was c l e a r  tho.t the cor rec t  decision was t o  forsake the 
heat-flow experimet.t. This decision Rocco Petrone made unequivccably a f t e r  
lengthy discussion and consideration of a l l  s ides .  
A p o l l o  1 7  - T a u r u s  L i t t r o w -  
In cont ras t  t o  the  Apollo 15 and 16 problem the  operations invclved with 
s e t t i n g  up the  experiment a t  the Apollo 17 s i t e  of Taurus Littrow went smoothly. 
Each borcstem was d r i l l e d  t o  its prescribed depth and the probes in s t a l l ed .  The 
operation of the experiment system was per fec t  and it continues to  work a s  of 
1976 w i t h  v i r t t t a l ly  no f a i lu re s .  . The only degradatior. i n  performance is noise 
t ha t  appears on tht! tnermocouple channels during the  lunar mcrning (see 
Section V) . 
By the end of the Apollo Program, there  were two working hear-flow expe- 
riments operating on the lunar  surface, one a t  R i m a  Hadley with the probe9 
buried to shallower than planned depths, and tEe o ther  a t  Taurus Littrow, 
which i s  s e t  up as planned. The sha1.10~ depth of bu r i a l  a t  A ~ o l l o  15 proved 
eventually to  be benef ic ia l .  The four and a half  ycars reccrding l m a r  
temperatures a t  rel.atf.ve1.y shallow depths has provided an excel lent  record 
of lank-term temperatures i n  the moon's subsurface. The f i r s t  major f a i l u r e  
i n  the Radley R i l l e  experiment occurred in December of 1975, four and a half  
years e f t e r  i n s t a l l a t i o n ,  
V. EXPERIMENTAL RESULTS 
A. SURFACE TEMPERATURES AND THE NATURE OF THE SHALLOW RECOLI TH 
1. Surface Tem~erature Deductions - -  - - - -  
A t  each of the  heat-flow s t a t ions ,  sec t ions  of the electronics"cab1e 
caataining one o r  more thermocouples of 5 O.S°K accuracy were deployed 
above the lunar  surface. These thermocouples a r e  i n  r ad i a t ive  balance 
with the lunar surface,  the s o l a r  f l ux  and space and hence provide a 
measurement of t he  surface br ightness  temperature. A t  the  Apollo 15 
s i t e ,  a t o t a l  of f i v e  t h e m c o u p l e s  b m  a t  the probe 1 s t a t ion ;  three 
a t  probe 2) were exposed above the  lunar surface between the protruding 
borestem and the heat-flow electronics '  s t a t i on .  Because of poorly defined 
or ien ta t ion  and an unknown amount of lunar  dust coverage, i n t e rp re t a t ion  
of the  daytime thennocouple da ta  i n  t e r m  of surface temperature could not 
be  accomplished with l e s s  than 20°K uncertainty. However, s ince  daytime 
surface temperatures a r e  primarily control led by the s o l a r  albedo, theo- 
r e t i c a l  models taking i n t o  account l a t i t u d e  and previous albedo est imates  .. 
were used to  supplement the nighttime data  and ca lcu la te  the mean surface 
temperature over a lunation. 
A t  the Apollo 17 s i t e ,  each of the probes was deployed to  t he  nominal 
depth of 2.3 m, r e su l t i ng  i n  the placement of two above surface thenno- 
couples (one a t  each s t a t i o n ) ,  approximately 15 cm from the top of each 
borestem. Improved determination of or ien ta t ion  allowed noontime tem- 
perature estimates of 57'K accuracy. 
Fortunately, more accurate  measurements of surface temperature could be 
m d e  during the lunar  night ,  when cable or ien ta t ion  and surface so l a r  
albedo can be neglected. The cooldovn response of the sur face  i n  the 
absence of s o l a r  f lux  is control led primarily by the thermal propert ies  
of the upper 5-15 cm of the r ego l i t h  and can, therefore,  be u t i l i z e d  to  
deduce a thermal property p r o f i l e  f o r  the near surface layer .  
In the absence of s o l a r  f lux ,  the rad ia t ive  balance of each thermocouple 
can be expressed as: 
were a m  
Except f o r  
cable radius,  
volumetric heat capacity of cable,  
infrared absorp t iv i ty  of cable,  
emisr ivi ty  of cable,  
d s s i v i t y  of lunar  surface, 
view fac to r  of tharmocouple element to  the surrounding topography, 
Stefur-Boltman constant;  and, 
cable and lunar  surface temperature respect ively.  
periods of rapid temperature change (such a s  
o r  immadiataly following luuar  sunset) ,  the f i n i t e  time 
amp be neglected and EquationV-A-1may2reroduced t o  the 
fo r  Tm. 
during an ec l ipse ,  
constant of the cable 
following expression 
The primary sources of e r r o r  i n  ca lcu la t ion  of surface br ightness  temperatures 
using EquationV-A-2 derive from uncer ta in t ies  of the r ad i a t ive  propert ies  
of the cable  and topographic e f f ec t s .  During Bclipses and immad$ately fol- 
lowing lunat ion sunset,  e r ro r s  i n  the deterninatior.  of 6Tc/6t must a l so  be 
taken i n t o  account. 
Radiative propert ies  of the thermocouple cable, Bc and acir, as  wel l  a s  
the term accounting fo r  the cable 's  thermal mass, aoc, were determined ex- 
perimentally by Clifford Cremers of the University of Kentucky on a sample 
piece of thermocouple cable. Values of aPc were a l so  checked by an evaluation 
of cable component properties.  Values of ccand acir were adjusted to  account 
f o r  p a r t i a l  cable covering by lunar  f i n e s  a s  was indicated by the d i f f e r en t  
tsrmperatures reached by the f i v e  tharmocouples a t  the Apollo 15 s i t e  a t  the 
end of luuar  night.  More de ta i led  descr ipt ions of the surface temperature 
analysis  can be found in K e i h  e t  a l .  (1973) and Keihm and Langseth (1973). 
2. Tamp.rature Depande~nc ofr3e S u r f ~ ~ , & e r  t h e m 1  C o n d u c ~ i ~ ~ y  
A major r e s u l t  of the surface temperature measurements a t  Hadley R i l l e  and 
Taunu Littrow war the ca lcu la t ion  of the  aman l w a t i o n  temperatures: 207 
+ 7% a t  Apollo 15 and 216 2 5% a t  Apollo 17. The lower mean temperature a t  - 
the Apollo 15 s i t e  ir due primarily t o  the ea r ly  w r n h g  shadowing e f f e c t  
produced by a topographic high t o  the eas t  of t h a t  s i t e .  The mean surface 
temperatures observed a r e  35-40bK lower than the equilibrium temperatures 
measured a t  meter depthr. Only a small pa r t  of t h i s  meen temperature rise 
(no more than 5%) can be accounted f o r  by the temperature gradient produced 
by the measured heat  flow. The mean temperature r i s e  is due mainly to  the 
non-linear e f f ec t s  of r ad i a t ive  heat t r ans fe r  within the highly porous dust 
l a y e t  about 2-3 cm thick a t  the surface. During the  warm lunar  dap heat  ,s 
t ransfer red  more e f f ec t ive ly  i n t o  the lunar  surface than i t  can be trans- 
fe r red  out during the cold lunar  night.  To conserve ne t  f l ux  over a lunat ion,  
a mean-temperature gradiant is establ ished mainly confined t o  the porous 
surface layer.  The s i z e  of t h i s  grad,ient is la rge ly  a function of the r e l a t i v e  
contr ibut ions of the rad ia t ive  and conductive components of the e f f ec t ive  
thermal conductivity. ~ e c a u s d  most of the t o t a l  mean-temperature difference 
takes place i n  the upper few centimeters,  the r e l a t i v e  contr ibut ion of the 
r ad i a t ive  and conductive terms can be determined unambiguously only i n  t h i s  
region. If one character izes  the conductivity temperature dependence by the 
Linsky (1966) parameter, 
.. 
where Kr is the r ad i a t ive  component, and K is  the  conductive component, che 
C 
obsented mean temperature gradients  a t  Hadley R i l l e  and Taurus Littrow require  
R350 = 2.5 - 3.0 and RjS0 = 1.7 - 2.2 respect ively.  These values ind ica te  a 
somewhat l a rge r  rad ia t ive  component then tha t  in fer red  from measurements of 
returned l u a r  f i nes  (Creners and Birkebak, 1971 and Cremera and Hsia, 1973) 
and suggest t ha t  thermal propert ies  i n  the low densi ty  surface layer  a r e  a 
s t rong function of i n  s i t u  grain-contact configuration. 
3.  Thermal R e s ~ s e  D u a  the Lunar Qht --- -- - - - - I  -- 
A s  discussed e a r l i e r ,  the surface temperature response i n  the absence of 
s o l a r  rad ia t ion  is primarily r function of the shallow rego l i t h  thennal 
propert ies:  0, the densi ty;  c ,  the spec i f i c  heat;  and k ,  the thermal con- 
duc t iv i ty .  Variations with depth and temperature caa a l s o  be constrained 
by the  nature of the surface cooldown. Xatching of the postsunset surface 
temperatures was reduced t o  the se lec t ion  of an appropriate  conductivity 
func t ion ,  k ( z , T ) ,  by u t i l i z i n g  o t h e r  d a t a  t o  c o n s t r a i n  t h e  densi ty  p r o f i l s  and 
temperature dependence of the  s p e c i f i c  heat .  Density p r o f i l e  s e l e c t i o n  
appropr ia te  t o  each t i t e  was based on s o i l  mechanics d a t a  provided by J.X.  
Mitche l l  (personal  c o ~ i c a t i o n )  f o r  Apollo 15 and D. C a r r i e r  (personal  
communication) f o r  Apollo 17. The s p e c i f i c  h e a t  a s  a func t ion  of temperature 
was modeled by a l e a s t  square  f i t  t o  t h e  d a t a  of Robie e t  al. (1970) on 
Apollo 11 f i n e  samples. S imi la r  measurements on Apollo 15 s o i l  sample 
15301,20 and Apollo 16 s o i l  sample 60601,31 by Hemingway et a l .  (1973) y ie lded  
n e a r l y  i d e n t i c a l  values  of s p e c i f i c  h e a t  versus  tempetr ture  a s  t h e  Apollo 11 
sample. Since the  r a t i o  of t h e  r a d i a t i v e  t o  conductive compunent of t h e  
+henna1 conduct ivi ty  was const ra ined by t h e  o b ~ e r v e d  mean temperature g rad ien t  
d iscussed e a r l i e r ,  only t h e  conductive component, Kc, remained co be v a r i e d  
a s  a funct ion of depth t o  f i t  t h e  cooldown s u r f s c e  data .  One dimensional 
f i n i t e  d i f f e r e n c e  models were u t i l i z e d  t o  f i t  t h e  nightime da ta .  Figure 
V-A-1 shows t h e  f i t s  t o  t h e  night t ime s u r f a c e  cooldown d a t a  a long ~ t i l  t h e  
derived m a n  conduct ivi ty  p r o f i l e s  ( s o l i d  curve i n  i n s e t ) .  I n  both the  
Apollo 15 and 17 models, a low conduc t iv i ty  l a y e r  of about 2 cm thicicness, 
with 210°K c o n d u c t i v i t i e s  between 0.9 and 1.5 x ~ C J - ' W / C < ~ K  was requ i ted  t o  
' 
f i t  t h e  s t e e p  drop i n  s u r f a c e  temperature f o r  t h e  f i r s t  40-60 hot -s following 
sunset .  The Apollo 15 model then requ'red a s t e e p ,  but  no t  d iscont inuous ,  
r i s e  i n  c o n d u c t i d t y  wi th  depth,  t o  a v a l u e  of 2. 0.8 x w l  cm- '~  a t  a 
depth of 10 cm, t o  produce t h e  increased f l a t t e n i n g  of t h e  s u r f a c e  cooi- 
down curve through t h e  lunar  n igh t .  The Apollo 17 mo.!el, however, required a 
muchsharper jump i n  conduc t iv i ty  a t  a depth of 2-3 cm t o  produce t h e  abrupt  
f l a t t e n i n g  of t h e  cooldown curve a t  10' ghase p a s t  sunset  c h a r a c t e r i s t i c  of 
t h e  Taurus L i t t r o r  s i t e .  The requ i red  inc rease  i n  conduct ivi ty  d t h  dcpth 
from 3-15 cm is s l i g h t  enough t h a t  t h e  Apollo 17  model may be  considered 
-4 
e s s e n t i a l l y  a two l a y e r  model. Conductivity values  c f  1.2 - 1.3 x 10 a r e  
requ i red  below 5 cm. For both t h e  Arol lo  15 and 1 7  s i t e s ,  t h e  c o n d u c t i v i t i e s  
i n f e r r e d  a t  depths of 10-15 cm a r e  i n  e x c e l l e n t  agreement with t h e  va lues  
deruced from t%e annual wave d a t a  f o r  the  deeper r e z o l i t h .  
The p r i n c i p a l  advantages of t h e  heat-flow experiment s u r f a c e  t e q e r a t u r e  
measurements was t h e  a b i l i t y  t o  measure l o c a l  temperatures immediately 
Surface teinperatures durlng the lunar night at the Apollo 17 (solid dots) 
and hpollo 15 (open circles)  heat flow s i t e s .  Vertical bars are estimated 
errors. The continuous curves are theoretical curves derived from thetker- 
am1 property models shown in the  inset. 
Figure V-A-1 
following sunset.  The conductivity models in fer red  from the da ta  a r e  in 
e s sen t i a l  agree&nt with e a r l i e r  models based on earth-based inf ra red  
brightness temperature moasuremencs. Bowever, the grea te r  d e t a i l  of thermal 
property determination could only be accomplished with the  addi t ion  of precise  
postsunset data. Measurements of 5 2.K accuracy within the f i r s t  10-20 hours 
a f t e r  sunset a r e  czftical.  t o  an unambiguous modeling of the  near  surface 
thermal property prof i le .  For example, a s  shown i n  Figure V-A-1, s l i g h t  (2.K) 
changes in the  nightima cooldown curve within 40 hours following sunset can 
lead t o  r e l a t i v e l y  l a rge  changes in the derived conductivity p r o f i l e  
(compares curves 17 and 17a). 
4. Thermal - Response Dutis-gEQz 
Because of the  r e l a t i v e  sho r t  duration, surface cooling during periods of 
p a r t i a l  o r  t o t a l  so l a r  ec l ip se  a r e  control led primarily by the  f i r s t  cent i -  
meter of the surface layer .  A t  the Apollo 15 s i t e ,  surface temperatures were 
computed from the  thermocouple data  fo r  the complete ec l ip se  of August 6, 1971. 
Umbra1 surface temperatures of 2 5.K accuracy were obtained. (The decrease 
in  accuracy r e l a t i v e  t o  lunat ion nighttime temperature is due t o  uncer ta in t ies  
in the ca lcu la t ion  of 6Tc/6T which must be included during the  rapid tempe- 
r a tu re  var ia t ions  of an ec l ipse ;  s ee  EquationV-A-1). The conductivity of the 
upper centimeter was varied i n  the one-dimensional models u n t i l  agreement with 
the umbral surface temperatures was obtained. The preecl ipse temperature pro- 
f i l e  was computed from the thermal property p r o f i l e  deduc~d from the lunat ion 
cooldown and has l i t t l e  e f f ec t  on the  ec l ipse  deductioas. Surface temperatures 
and feas ib le  conductivity model f i t s  f o r  the August 6 ,  1971 ec l ip se  a t  the 
Apollo 15 s i t e  a r e  shown i n  Figure V-A-2. The resu l t ing  bes t  f i t  conductivity 
function f o r  the upper centimeter yielded: 
K (T) = 0.67 x + 0.42 x 10 -12 T3 
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indicat ing a t  210' conductivity 1.05 x W / C ~ - ~ K ,  i n  agreement with the 
lunat ioa r e s u l t s  for  the near surface layer .  The accuracy cf deduced umbral 
surface temperatures l ed  to  an uncertainty of 2 20% f o r  the conductivity f i t s .  
A s imi la r  analysis  i n  a t o t a l  ec l ipae  a t  the Apollo 1 7  s i t e  a l so  yielded a 
surface conductivity i n  agreement with the lunation cooldown data .  
Surface temperature history during the umbra1 phase of the lunar e c i l p s e  of ~ u i u e t  6, 1971. 
The vertical bars sp4n a range of two standard deviations centered at the reduced surface 
temperature meaeuxemrnt . Tie s o l i d  iines represent computer generqted models chitracterized 
by conductivity functions, l:s(T), for the t.7 centimeter. 
Laboratory measurements of the thermhl propert ies  of returned r ego l i t h  
samples provide a d i r e c t  comparison with the i n  s i t u  measurements from the  
heat-flow s i t e s .  The most s t r i k i n g  r e s u l t  of these measurements both f o r  small 
samples of lunar  s o i l  and i n t a c t  core tube samples, is the r a the r  narrow range 
of conductivity values obtained. Sam11 s o i l  and sample measurements (Cremers 
e t  al., 1970; Crs~urs and Birkobak, 1971; Crmers, 1972; and Cruners and Hsia, 
1973). u t i l i z i n g  the  l i n e  hoot source technique, yielded conductiwfties In 
the  ran$. 0.5 -3.0 x low5 w/cmoelC over a temperature range between 100 and 
400°K. A l l  samples were character i red by increasing conductivity with tam- 
prrature.  The r e l a t i v e  contribution of the r ad i a t ive  term t o  the e f f ec t ive  
conductivity was characterized by R [- Kr (350) / K ~ ]  values between 0.5 and 
350 
1.5, approximately a f ac to r  of two l e s s  than t h a t  deduced in s i t u .  Nost 
3 of the  mtasurements were done at low bulk dens i t i e s  ( %1.3 gm/cm 1. 
However, measurements a t  dens i t i e s  a s  high a s  1.9 ( cha rac t e r i s t i c  of the 
deeper regol i th)  did not y ie ld  s ign i f i can t ly  d i f f e r en t  r e su l t s .  
Conductivity measurements of unope~ :cd core-tube r ego l i t h  samples have been 
made using a new rad ia t ive  f lux  technique (Horai e t  al., 1977). By conducting 
the measurements with minimal disturbance t o  the cores,  it  was hoped tha t  the 
thermal conductivizy c h a r a c t e r i s t i c  of in s i t u  r ego l i t h  could be obtained. 
However, f o r  the two Apol lo17dr i l l  cores 70002 and 70006, preliminary r e s u l t s  
yielded conduct ivi t ies  in the range 1.8 - 3.6 r lo-' w l c ~ n ' ~ ~ ,  i n  c lose  
agreement with the l i a e  source laboratory r e su l t s .  The Apollo 17 d r i l l -  
core samples contained mater ial  from 1-3 m depths below the lunar  surface with 
3 bulk dens i t i e s  of 1.74 - 1.80 gmlcm . The la rge  discrepancy between the 
laboratory measurements and the i n  s i t u  r e su l t s  a t  depths grea te r  than 10 cm 
suggeqts tha t  the deeper lunar regol i th  possesses an intragranular  thermal 
contact t ha t  has been enhanced by mechanical s t r e s s  over mil l ions of years 
of me te t r i t i c  impact. Only the near su r f acs  l aye r  (0-2 cm), which has been 
overturned on a much more rapid time sca l e ,  exhib i t s  the low conduct ivi t ies  
obtained fo r  the returned samples. A t  g rea te r  depths, whatever long-term 
meche.nical process is involved, conduct ivi t ies  3-5 times the laboratory r e s u l t s  
occur. The annual wave and t rans ien t  deductions, a s  well  a s  the shor t  t e r n  
in situ conductivity experhents and surface temperature cooling histories, 
could not be accounted for by a regolith characterized by the Laboratory 
conductivity results at depths greater than 10 cm. These results emphasize 
the importance of in situ measurements for reliably assessing 'che near- 
surface thermal reglmas of other planetary bodies. 
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V-B. OBSERVED TEWERATURE HISTORIES I N  THE SUBSURFACE 
AND ON THE SURFACE 
Temperature sensor locat ions and f i n a l  'subsurface emp1acemer.t geometries 
a r e  s h o w  i n  Figure V-B-1. The accuracies ar.d resolutior. of each of the sensors 
were given i n  Section 111-8. Figure V-0-2 presents a th ree  and one h d f  year 
h i s to ry  of tenrperatures a t  soma representa t ive  sensors. Fcur d i s t i n c t  tempcral 
components a r e  evident. 
1) We see L n i t i a l  cooldown of the  probe and borestem a f t e r  em~lacement 
of the probes showed tha t  the i n i t i a l  temperatures were 295 - 305 OK. Cooling 
to  ambient r ego l i t h  temperatures is rapid a t  the s t a r t ;  however, f u l l  equi l i -  
b ra t ion  requires  nearly three lunat ions a s  Figure V-B-2 shows. 
2) We see  a d iurna l  c0mponer.t on sensors within 80 em of the surface. 
Below 80 cm, the nearly 30C°K peak-to-peak surface va r i a t i on  is at tenuated 
t o  a l e v e l  below the  noise of the absolute temperature mersurement. Close 
examination of the Apollo 1 7  sensors shows a small var ia t ion  with a d iurna l  
period. This var ia t ion  is not due to  heat t r ans fe r  dowcward'in the borestem, 
1 
1 
bct  induced by the e lec t ronic  c i r c u i t r y  which is apparently s l i g h t l y  tempe- 
r a tu re  s e r s i t i v e  (see Section 111-B). Two notable feature2 of the d iurna l  
! 
I var ia t ion  a r e  the  high freqcency conter t  cf the var ia t ions  and the f a c t  t h a t  
, I thsy a r e  cear ly  in phase with the surface var ia t ion .  These fea tures  i ad i cc t e  
t h a t  the predominant mode of heat t r ans fe r  is rad ia t ive  t r ans fe r  along the 
bores tern. 
3) We see  an ~.m.ual temperature var ia t ion ,  which is most c l ea r ly  seen by 
the Apollo 15 charmometers a t  45 and 59 cm. A s  w i l l  be discussed i n  d e t z i l  
l a t e r ,  t h i s  var ia t ion  is propagated dwnward through the r ego l i t h  and i ts 
amplitude and phase lag  a r e  c o t  s t rcngly  affected by the presence cf the 
borestem and prober. 
4 )  A l l  sensors show a slow increase Fn temperature with time. The 
s h ~ l l o w e s t  sensor begins t o  de tec t  t h i s  increase a f t e r  a few lunat ions,  
whereas thc deepest sensors,  f o r  example those a t  Apollo 1 7  deeper than 150 cm, 
begin to  de tec t  the r i s e  a f t e r  a year.  This component of the temporal 
var ia t ion  is due to an increase of a few degrees K is surfac-e temperature 
around the borestem caused by the a s t r cnau t ' s  footstepe. Notice the sub- 
s t a n t i a l  difference in t h i s  e f f e c t  between probe 1 an? probe 2 a t  the Apollo 
17 s i t e .  
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Subsurface temperature histories coverlng 8.3.5 yr per'iod of representative eepsors 
on the four htat-flow probes. Initial cooldown of the probes after 1nsertion.can be 
eeen at the szart of each history. The small spikes in the first 60 days result from 
the short-term conductivity experiments, 
In  Figure V-8-(3-14 ) a r e  shown temperature records 
the f i r s t  and l a s t  lcnat ions observed on the surface. 
of principal sensors 
Figure V-B-1 ( a  61 b) gives 
the sensor designations used t o  i den t i fy  each curve. The records shcw many 
i n t e r a s t h g  d e t a i l s .  
Ac the Apollo 15 s i t e  f i v e  of the  thermoccuples a r e  i n  pa r t s  of the  cables  
t ha t  a r e  hanging above the lunar  surface and a r e  exposed t o  the f u l l  so l a r  f lux.  
The s i x t h ,  TC14, is ins ide  the  pa r t  of the borestem project ing above the surface. 
During the f i r s t  lunotion, sho r t ly  a f t e r  the experiment is turned on, there  is 
an abrupt change i n  temperature of all exposed thermocnuples a ~ . d  TREF (which 
is the sensor on the t h e m 1  p l a t e  of the e lec t ronics ) .  This r e s u l t s  from 
realignment of the e lec t ronics  and the probe I cable  during EVA 2 and the 
in se r t i on  of probe 2 which was done oa EVA 2 (see Section I V ) .  
An ec l ip se  occurred during t h i s  lunet ion which is c1ee.r:~ seen by all  
thermocouples. The abrupt f a l l  of temperatures is repeated a t  sundown. There 
is a pronounced decrease in  cooling r a t e  a t  about 140°K, which is due to  rad ia t ion  
frcm surroundiug topcgraphy which is s t i l l  sur . l i t .  The slow warming of the 
thermocouples before dawn is probably due t o  a s imi l a r  e f fec t .  However, a t  
Eadley Rille the  topograFhy west of t he  experiment is much lover then t h s t  e a s t  
of the  experiment which explains the difference i n  u g n i t u d e  of the e f f e c t  
between post  sunset  and predawn pa r t s  of the record. 
Relat ively low temperatures observed by TC12 and TC13 a t  probe 1 during the 
morning a r e  due t o  p a r t i a l  shadoving by the very small sca le  surface roughness 
2nd the f a c t  t h a t  the cable is nearly aligned with s c l a r  rad ia t ion  in  the 
morning. Similar e f f e c t s  a r e  seen t o  reduce temperatures a t  probe 2 thermo- 
couples during the evening. Large d ips  i n  temperature occur when the borestem 
shadow crosseg the sectior.  of cable  containing the thermocouple. 
The recctds  of subsurface thermometers, during the f i r s t  l w a t i o n  z t  
4-pollo 15, show f a  mare d e t a i l  the i n i t i a l  cooldown of the probes and the 
6iurnal  var ia t ion  of temperature. The topmost sensor TG 11A ac tua l ly  shows a 
drop in  temperature 6uring the ec l ipse .  This is becacse the sensor is radia- 
t i ve ly  coupled to the top of the borestem where the temperature drcps nearly 
200°K during the ec l ipse .  The ~ f f e c t s  of two thermal conductivity measure- 
ments made l a t e  in  the lunar  night of  the f i r s t  lunation a r e  a l s c  noticeable.  
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Figure V-B-14 
The records frcm the 42nd lunat ion a t  Apollo 15 shc,w t h a t  an ec l ip se  a l so  
cccurrad. Notice t ha t  many of the small d e t a i l s  noted three and a ha l f  years 
e a r l i e r  a r e  s t i l l  repeated, 
The records frcm the Apollo 17 probes sbow q c i t e  differen: temperature 
during a lunat ion because of the deeper probe depths. Only one 
thermocouple a t  each probe, TC12 and TC22, a r e  exposed above the surface. 
The cables  emerging from the  top of the borestem were purposely alignad north 
and south, resu l t ing  in a f a r  m r e  symmetrical temperature h i s to ry  during the  
I.uaar day. 
TC 13 and 23 a r e  buried about 15 cm below the  lunar  surface (see F igme V-B- 
l b ) .  A 50°K peak t o  peak d iurna l  va r i a t i on  i n  temperature is observed. 
This is rrmch g rea t e r  than m u l d  be observed i f  the periodic  surface va r i a t i on  
was propagating downward by conduction alone. These sensors have a r e l a t i v e l y  
s t rong r ad ia t ive  l i n k  with the  top of the borestem which is fu r the r  evidenced 
by the syechronousness of the va r i a t i ons  with s o l a r  phase. Both temperature 
reccrds on thermocouples a t  the  15 cm l eve l  a r e  asymmetric r e l a t i v e  t o  s o l a r  
nocn, but each i n  an opposite sense t o  the other .  The reason f o r  t h i s  is co t  
k.nown f o r  ce r t a in ,  but is believed t o  be r e l a t ed  to  the d i f f e r en t  or ien ta t ions  
cf  a r e f l ec t ing  sh i e ld  placed on tcp of the borestem. 
The thermocouple a t  65 cm below the surface records a va r i a t i on  tha t  is 
barely ~ r e c e p t i b l e  a t  the s ca l e  of the p lo ts .  In  l a rge  pa r t  t h i s  va r i a t i on  is  
an a r t i f a c t .  
The source of t h i s  a r t i f a c t  has besn t raced to  copperlKovzr (Cu/KO) 
junctions in each thermocouple's e l e c t r o ~ i c  c i r c u i t ,  which a r e  mcunted on a 
c i r c u i t  board i n  the e l e c t r o c f c ' s  housing. Theareas of the c ' rcui tboardswhere 
these junctions a r e  located have varfable  temperature during a lunat ion cycle 
and, consequently, i n t r o d w e  a varying EKF a t  the i ~ p u t  to  the data sensing 
c i r c u i t r y  which is extraneous. This source of e r r o r  i n  the thermocouple 
measuring c i r c r i t s  has been thoroughly analysed and is  reportee i n  a Bendix 
Corporation Aerospace Systems Qivis ion  Technical Mamorandum ASTIR TM30/31 by 
B.D. Smith. This analysis  allows the thermocouple tenqerature t o  be corrected 
so tha t  absolute temperature can be determined t o  + 0.26"K. The data  shown i n  
the f igu res  has not been corrected. 
Another problen; with the Apollo 1 7  thermcouple observations is seen 
i n  the 25 t t  lunation data.  A l a rge  + 15°K noise appears only during the 
1 unar morning, s t a r t i n g  af , ter  the so l a r  phase reaches 30". This obviously is a 
thermally induced noise but its source has not ber,n ascertained. This noise 
appeared during the 2nd lunat ion,  and appears a t  a lower l e v e l  during the 1st 
lunation. 
The records of subeurface temperatures a t  Apollo 17 a re  monotonous com- 
pared t o  the Apollo 15 o b s e r ~ a t i o n r .  The ini t ial  cooldoam is c l ea r ly  seen 
during the f i r s t  luaat ion;  subsequently, the only d iscern ib le  va r i a t i on  is 
due t o  e l ec t ron ica l ly  induced noise. 
C 
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V-C. T?IERMAL PROPERTIES OF THE DEEPER REGOLITH 
Through f o r t u i t y  a s  w e l l  a s  design, measurements of the surrounding 
r ego l i t h  the& propert ies  were provided by ana lys is  of four d i s t i n c t  
components of t r ans i en t  temparaturc h i s t o r i e s  recorded by the  subsurface 
sensors of the heat-flow experimants. Preliminary estimates were provided 
within the  f i r s t  s i x t y  days following the  experiment emplacement by aaa lys i s  
of the  r e l a t i v e l y  short-term t r ans i en t s  produced by probe r ego l i t h  equi l i -  
b ra t ion  and the  ac t iva t ion  of small probe heaters .  Because of t he  small 
amouut of hea t  d i ss ipa t ion  involved, the  ea r ly  measurements character ized 
the thermal peoperties of primarily the f i r s t  few centimeters of mater ial  
adjacent to  each borestem. After  two o r  more yaars of da t a  were ava i lab le  
a t  each probe s i t e ,  ana lys i s  of long-term temperature var ia t ions ,  charac- 
t e r i s t i c  of a much l a rge r  volume of surrounding r ego l i t h  mater ial ,  were 
used t o  r e f ine  and rev ise  the ea r ly  thermal property estimates.  The long 
period t r ans i en t s  resu l ted  from annual va r i a t i ans  i n  the s o l a r  f l ux  a t  the 
lunar  surface and reequi l ibra t ion  of the l o c a l  subsurface thermal regime 
following astronaut-induced a l t e r a t i o n  of the thermal and r ad ia t ive  pro- 
p e r t i e s  of the surface layer .  
The present sec t ion  is devoted t o  a descr ipt ion of the 
u t i l i z e d  f o r  the r ego l i t h  thermal property estimates based 
components of t rans ien t  temperature var ia t ions  observed a t  
s t a t i ons .  Pa r t i cu l a r  emphasis 
upon which the  f i n a l  heac-flow 
a comparison and discussion of 
presented. 
1. Short-term Measurements -- --
a. I n i t i a l  Probe-Borestem 
is placed on d e t a i l s  of the 
methods of ana lys is  
on four d i s t i n c t  
the heat-flow 
long- term analysis ,  
values were based. A t  the end or the sec t ion ,  
the d i f f e r en t  thermal property deductions is 
Equil ibrat ion 
When the borestem was d r i l l e d  in to  the s o i l  and the probe inser ted ,  both 
were a t  temperatures considerably higher than t h e i r  subsurface surroundings. 
The higher temperatures resu l ted  from the temperature of these components above 
the surface before emplacement and from heat generated during d r i l l i n g .  Because 
of the complexity of the d r i l l i n g  process, i t  was d i f f i c u l t  t o  est imate the 
amount. of heat diss ipated and the d i s t r i bu t ion  of heat along the borestem. 
Measurements mede wi th in  minutes a f t e r  t h e  probes were i n s e r t e d  shawed t h a t  
the  probes were approximately 40 t o  50 O K  wanner than t h e  surrounding un- 
d i s tu rbed  lunar  s o i l .  Because of t h e  very low thermal conduc t iv i ty  of t h e  l u n a r  
s o i l ,  t h i s  h e a t  was d i s s i p a t e d  very slowly. Even a f t e r  45 days, some of 
t h e  thermometers ind ica ted  c o n t ~ u e d  cooling.  
I n  general ,  t h e  r a t e  o f  e q u i l i b r a t i o n  of each p r o b ~  sensor  t o  t h e  sur-  
rounding l u n a r  medium depends on s e v e r a l  d i f f e r e n t  parameters, including thermal 
and geometrical p r o p e r t i e s  of t h e  probe/borestem system, them-21 p r o p e r t i e s  
of t h e  adjacent  lunar  medium, t h e  thermal con tac t  between t h e  borestem and t h e  
ad jacen t  zone of d i s rup ted  lunar  material, and t h e  t o t a l  h e a t  energy excess 
of t h e  system upon completion of d r i l l i n g .  l o r  long times ( 020 h r )  a f t e r  t h e  
probes were i n s e r t e d ,  however, t h e  probt! sensor  temperatures above equi l ibr ium 
depended e s s e n t i a l l y  on two q u a n t i t i e s ,  t h e  t o t a l  i n i t i a l  energy excess per  u n i t  
l eng th  of t h e  system AE and t h e  thermal conduc t iv i ty  of t h e  ad jacen t  r e g o l i t h  
km* 
where T ( t )  is a probe sensor  temperature a t  time t s i n c e  emplacement and T, 
P 
i s  t h e  equi l ibr ium sensor  temperature. 
The form of equat ion (C-1) has  been v e r i f i e d  by f i n i t e  d i f f e r e n c e  models 
and by a n a l y t i c a l  s o l u t i o n  appropr ia te  t o  s i m p l i f i e d  d i s t r i b u t i o n  of AE 
between t h e  probe and barestem. h e  a n a l y t i c a l  s o l u t i o n ,  which takes  t h e  form 
of equat ion (C-1) f o r  long times, is described in d e t a i l  i n  t h e  appendix of 
Langseth e t  a l .  (1972). 
Estimates of the  r e g o l i t h  conduc t iv i ty  km made from the  long-time cooldown 
d a t a  w i n g  equation (C-1) once a value  f o r  AE was assumed. Because of the  
u n c e r t a i n t i e s  of t h e  con t r ibu t ion  of t h e  d r i l l i n g  process t o  t h e  t o t a l  excess 
h e a t  energy, two d i f f e r e n t  assumptions were made i n  regard t o  t h e  AE term. 
F i r s t ,  i t  was assumed t h a t  d r i l l  hea t ing  e f f e c t s  were n e g l i g i b l e  and t h a t  a l l  
excess hea t  energy i n i t i a l l y  res ided  i n  t h e  probe and borestem. The probe and 
borestem were assumed t o  be  a t  t h e  same i n i t i a l  temperature To a f t e r  d r i l l i n g ,  
a s  measured by t h e  probe sensors .  For t h i s  assumption, the  i n i t i a l  energy 
excess can then be expressed simply as 
where S and Sb a r e  t h e  h e a t  c a p a c i t i e s  pe r  u n i t  l eng th  of t h e  probe and borestem, P 
respec t ive ly .  The r e s u l t a n t  problem has  an a n a l y t i c a l  s o l u r i o n  t h a t  was used 
t o  determine r e g o l i t h  conduc t iv i ty  es t imates  from t h e  cool do^ data .  ~ h e s e  
essumptiousi c o n s t i t u t e d  t h e  minimum in i t ia l  energy c a s r .  
For a machum Ini t ia l  energy es t imate ,  i t  was assumed t h a t  a 1.2 mm th ickness  
of d i s rup ted  lunar  material had received enough h:at dur ing t h e  d r i l l i n g  pro- 
c e s s  t o  attain an init ial  temperature equal  t o  t h a t  of t h e  probe and borestem. 
The 2.2 m con tac t  zone thicirness was chosen t o  c o r r e l a t e  wi th  t h e  d i f f e r e n c e  
i n  d r i l l  b i t  r ad ius  and borestem radius .  The subsequent cooldom problem was 
then solved,  assuming r a d i a l  h e a t  d i s s i p a t i o n ,  by us ing  a f i n i t e  d i f f e r e n c e  
model. The curve matching procedure was performed f o r  times >20 h r  when all 
parameter e f f e c t s ,  wi th  t h e  except ion of km, were n e g l i g i b l e ;  t h a t  is, when 
equat ion (C-1) was v a l i d .  
The cool ing h i s t o r i e s  f j r a l l  subsurface  sensors  t h a t  were no t  a f f e c t e d  
by d i u r n a l  v a r i a t i o n s  were analyzed t o  es t imate  t h e  thermal conduc t iv i ty  of 
t h e  surrounding r e g o l i t h  f o r  t h e  two l i m i t i n g  es t imates  of i n i t i a l  temperature. 
Results have been t abu la ted  i n  Langseth e t  al., 1972, 1973 and a r e  presented 
wi th  t h e  o t h e r  coaduc t iv i ty  measurements i n  Figure  V-C-16 of t h i s  r e p o r t .  
b. Heater-activated conduc t iv i ty  measurements 
Following s u b s t a n t i a l  e q u i l i b r a t i o n  of t h e  probe-borestem systems t o  t h e  
surrounding r e g o l i t h  thermal regimes, a c t i v e  conduc t iv i ty  measurements were 
made using t h e  tbousand Ohm h e a t e r s  t h a t  surrounded each of t h e  g rad ien t  sensor  
housings. The experiments could have been operated i n  e i t h e r  o f  two modes 
by energiz ing t h e  h e a t e r s  a t  0.002 o r  0.5 W, depending on t h e  conductivity of 
t h e  surrounding r e g o l i t h .  Because of t h e  low c o n d u c t i v i t i e s  i n f e r r e d  from 
t i e  c o r . l d r i  a x a l y s i s  only  t h e  lower power was used a t  both heat-flow s i t e s .  
The a i scuss ion  is t h e r e f o r e  confined t o  t h i s  mode. 
Af te r  each h e a t e r  was energized,  t h e  temperature r i s e  a t  t h e  g rad ien t  sensor  
ecclosed by t h e  h e a t e r  depended i n  a complex way on t h e  thermal p r o p e r t i e s  
ofn-yprobe components, borestem, and lunar  m a t e r i a l ,  as w e l l  a s  t h e  con tac t  
zones between these  elements. A d e t a i l e d  f i n i t e  d i f f e r e n c e  model of t h e  
conduct ivi ty  experiment a t  each h e a t e r  l o c a t i o n  was used t o  i n t e r p r e t  t h e  
temperature h i s t o r y  of the  g rad ien t  sensor  in terms of t h e  conduc t iv i ty  of 
m a t e r i a l  e x t e r n a l  t o  the borestem. Sumerical model computations, l abora to ry  
experiments, and lunar  experiments ind ica ted  t h a t ,  f o r  times >20 h r ,  t h e  
temperature r i s e  AT(t) was wel l  defined by t h e  simple r e l a t i o n s h i p  
where c and c2 are constants. The form of equation (C-3) is the same as that 
1 
for a heated infinite cylinder in an infinite homogeneous mediuu after many 
time constants, indicating that axial gradients at the heater location are 
quite small and that the principal heat dissipation at long times takes place 
in the adjacent regolith. 
For an infinite cylindrical source 
4 
c, - Q/4~k, (C-4) 
where Q is the power per unit length in Wlcn!. Thus, cl depends solely on 
the heater power per unit length and on conductivity. The constant c can 
1 
bc: determined-easily because it is the slope of the temperature rise curve when 
plotted versus Lu t; therefore, cylindrical sources are often used as a practical 
technique for measuring conductivity. 
Conductivity was determined from lunar experiments by comparing chserved 
slopes on a logarithmic time scale with values of cl calculated wit;. the finir-a 
difference models. Parametric studies, in which certain thermal properties 
vere varied singly in the numerical model, showed that for times >20 hr, c- 
L 
was very nearly insensitive to changes in pc of the surrounding medium, 
changes in borestem conductance, and changes in the thermal l n k s  between the 
probe and borestem and the borestem and lunar medium. However, c was sensitive 
1 
to changc,s in conductance in the probe body, which could alter the flow of 
heat from the heater axially along the probe. Assumptions of themal properties 
in the numerical models that influence axial heat transfer along the probe 
were probably the largest source of error in the heater activated conductivity 
determinations. 
Active conductivity measurements were carried out aL all subsurface gradient 
sensors free of large diurnal variations within the first sixty days following 
deployment of each heat-flcv station. Heaters were sequentially energized for 
periods of 36 hours or more and local conductivity estimates vere made by 
matching lotrg-time slopes of the gradient sensor temperature rice with pre- 
dictions of the finite difference models. Small transients due to incomplete 
initial cooldovn equilibration or slight diurnal effects were &;counted for by 
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e x t r a p o l a t i o n  of t r ends  observed immediately p r i o r  t o  h e a t e r  turn-on. The 
abso lu te  l e v e l  of observed temperature rise a t  a given h e a t e r  l o c a t i o n  was 
u t i l i z e d  t o  es t imate  t h e  con tac t  r e s i s t a n c e  between t h e  borestem and ad jacen t  
r e g o l i t h  by c o q a r i s o n  wi th  t h e  f i n i t e  d i f f e r e n c e  models. Examples of t h e  
curve matching e x e r c i s e  and subsequent thermal proper ty  r e s u l t s  can be  found 
in Langseth e t  al;, 1972, 1973. The h e a t e r  a c t i v a t e d  conduc t iv i ty  r e s u l t s  a r e  
included in Figure V-C-16 of t h i s  r e p o r t .  
2. Long-Time Temperature His tory  Analygis - -- -
a. The Probe-Borestea-Regolith Numerical Model 
It became inc reas ing ly  apparent wi th  t h e  r e t u r n  of temperature d a t a  from 
the  Apollo 15 heat-flow probes t h a t  t h e  exchange o f  hea t  wi th in  t h e  probe- 
borestem r e g o l i t h  system would r e q u i r e  c a r e f u l  a n a l y s i s  before  much of t h e  
d a t a  could be  u t i l i z e d .  Because o f  t h e  shallow emplacement of both heat-  
flow probes only t h e  lower s e c t i o n  of probe 1 was deployed deep enough t o  be 
f r e e  o f  measurable d i u r n a l  v a r i a t i o n s .  The presence o f  s i g n i f i c a n t  h igher  
f requencies  and t h e  absence of a d i s c e r n i b l e  phase l a g ,  which charac te r ized  
the  probe d i u r n a l  v a r i a t i o n s ,  implied t h e  importance o f  r a d i a t i v e  t r a n s f e r  
along t h e  probe-borestem a x i s  ( s i g n i f i c a n t  annual temperature v a r i a t i o n s  
were observed a t  a l l  sensors .  I n  add i t ion ,  thermocouple measurements wi th in  
the  borestem s e c t i o n  protruding above t h e  s u r f a c e  ind ica ted  t h a t  t h e  d i u r n a l  
v a r i a t i o n  a t  t h e  top of t h e  borestem d i f f e r e d  s i g n i f i c a n t l y  from t h e  l u n a r  
s u r f a c e  d i u r n a l  response in  amplitude, frequency composition and average 
temperature over one lunat ion.  Thus, t o  i n t e r p r e t  t h e  t i m e  varying d a t a  i r  
terms of r e g o l i t h  thermal p r o p e r t i e s  and t h e  s t eady-s ta te  r e g o l i t h  g rad ien t ,  
d e t a i l e d  numerical models of both t h e  probe 1 and probe 2 i n  s i t u  geometries 
were developed, including both conductive and r a d i a t i v e  h e a t  exchange. h 
schematic of t h e  probe 2 model is shown i n  Figure V-C-1. V e r t i c a l  dimensions 
a r e  t o  sca le .  Radial  dimensions a r e  ind ica ted  along t h e  bottom boundary. 
Radial symmetry is  assumed. Within t h e  r e g o l i t h  thermal p r o p e r t i e s  a r e  
modeled a s  both temperature and depth dependent. L a t e r a l  v a r i a t i o n  of 
p r o p e r t i e s  is l imi ted  t o  t h e  con tac t  zone adjacent  t o  the  borestem. A f ixed  
f i n i t e  value of conduct ivi ty  Is used t o  eva lua te  conductive exchange v e r t i -  
c a l l y  along t h e  borestem walls. D i s t i n c t  c o n d u c t i v i t i e s  a r e  assigned t o  
each of t h e  probe nodes f o r  evaluat ion of a x i a l  conductive exchange. The 
v a r i a t i o n  of conduct ivi ty  along t h e  probe depends on t h e  number of e l e c t r i c a l  
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Figure V-C-2 
connections within a particular probe zoce. The zones corresponding to the 
large platinum resistance thermomater locations at either end of each probe 
section, are nearly ten times as conductive as other probe zones. Heat 
! capacitance variation is accounted for in a similar way. 
I Blackbody radiative exchange takes place at the surfaces of all borestem, 
probe and cable zones. View factors between all radiating zones are calculated , 
based on the fonmrtas found in Hottel and Sarofim ( 1967) for concentric 
cylinders. The surface boundary condition balances the outgoing flux, solar 
insolation and the temperature gradient at the surface. A similar flux balance 
equation governs the heat balance of the exposed borestem zones. At the 
bottom boundary, 15 cm below the deepest drill bit penetration, a constant 
heat flux is assumed. At tke far radial boundary, lateral heat flux is set 
to zero. 
The computation scheme utilizes fomard difference equations which essen- 
tially as?- a steady flux across each node boundary over the time step of 
about 100 sec. The general formulation of the difference equation is outlined 
in Appendix A. Temperature dependent thermal properties are recomputed after 
each time step. Initial conditions were established by running one dimensional 
regolith models with the same vertical zone sizes, chermal properties and solar 
insolation function as the complete model until a periodic steady state solution . 
was achieved. In this way, predeployment regolith temperatures were established. 
The regolith thennal property profile used was based on the preliminary in situ 
conductivity measurements and near surface (0-15 cm) conductivity deductions 
inferred from the measured temperature histories (see Langseth et al., 1972; 
Keihm et al., 1973). Temperature dependence of regolith conductivity was 
derived from the measured mean temperature difference between the surface and 
the shallowest probe sensor at 35 cm. The density profils ---is based primarj.'~. 
on the core tube measuraments of Carrier et al. (1973). S: . :ic heat variation 
with temperature was modelled as a polynomial fit to the data 3f Robie et al. 
(1970). It is to be empnasized that the principal objective of the two dimen- 
sional models was an attempt to understand the complex thennal interaction of 
the probe-borescem system and surrounding regolith and subsequently to interpret 
sensor temperature variations with time and depth in terms of the regolith 
varfations and thermal properties. For this reason, uncertainties in the 
choice of regolith thermal propertieswereof secondary importance. The 
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primary quest ion was t o  what e x t e n t  d i d  t h e  probe-borestem thermal l inkages  
modify t h e  temperature reg* which it was designed t o  measure. 
The f i r s t  models runs were c a r r i e d  through t h r e e  l u n a t i o n s  wi th  no annual 
component present  i n  t h e  s o l a r  I n s o l a t i o n  function.  The purpose of these  
I n i t i a l  runs were twofold: f i r s t ,  t o  t e s t  t h e  model's c a p a b i l i t y  of repro- 
ducing t h e  d i u r n a l  c h a r a c t e r i s t i c s  of t h e  r e a l  time d a t a ,  and, second, t o  
examine t h e  f e a s i b i l i t y  of i n t e r p r e t i n g  t h e  d i u r n a l  v a r i a t i o n s  and time averages 
of t h e  a c t u a l  d a t a  i n  terms of r e g o l i t h  thermal p r o p e r t i e s  and g rad ien t s .  
Comparisons wi th  t h e  lunar  d a t a  conta ining s i g n i f i c a n t  d i u r n a l  v a r i a t i o n s  is 
show! i n  Figure V-C-2. Note t h e  d i f f e r e n c e  i n  shape between the  probe 1 and 
probe 2 l u n a r  da ta .  The modelling r e s u l t s  s imula te  t h e  high frequency content  
of the-probe 2 d a t a  but  do n o t  compare w e l l  wi th  t h e  smoother, mote su r face- l ike  
response of t h e  probe L d a t a  (Differences  i n  amplitude between t h e  modeling 
r e s u l t s  and t h e  lunar  d a t a  i n d i c a t e  t h a t  our original .  choice  of r e g o l i t h  
thermal p r o p e r t i e s  based on a c t i v e  conduc t iv i ty  e v c r f m e n t s  requ i red  
ad jus t sen t .  However, t h e  matching of d i u r n a l  amplitudes observed a t  va r ious  
depths  a long t h e  probe by vary i sg  t h e  r e g o l i t h  conduc t iv i ty  is n e i t h e r  a 
s t ra igh t fo rward  nor  unambiguous process.  I n  f a c t ,  i t  w i l l  be shown i n  t h e  
next s e c t i o n  t h a t  t h e  r e g o l i t h  conduc t iv i ty  must be lowered t o  raise t h e  model's 
d i u r n a l  amplitudes t o  t h e  level. observed a t  depth. This r e s u l t  agrees  with t h e -  
l a t e r  a n a l y s i s  of t h e  long-term data . )  The probe 1 and 2 geometries d i f f e r e d  
only  i n  depth of probe emplacement and in t h e  presence of a d i s k  shaped r a d i a t i o n  
s h i e l d  made of r e f l e c t i v e  m a t e r i a l  above probe 1 wi th in  t h e  borehole (Figure V- 
C-3). Both of these  d i f f e r e n c e s  have been accour~ted f o r  i n  t h e  probe 1 and 2 
models, y e t  t h e  thermal model of t h e  probe 1 response is e s s e n t i a l l y  s i m i l a r  t o  
t h a t  a t  probe 2. Various model parameters were ad jus ted  i n  an at tempt  t o  re- 
produce t h e  shape of t h e  probe 1 d i u r n a l  data .  These included varying the  
r e f l e c t i v i t y  o f  t h e  r a d i a t i o n  s h i e l d ,  t h e  borestem-regolith con tac t  r e s i s t a n c e  
and t h e  borestem and r e g o l i t h  conduct ivi ty .  Yet, t h e  shape of t h e  modelled 
d i u r n a l  response remained e s s e n t i a l l y  unchanged - a s teady r i s e  i n  temperature 
from s u n r i s e  throughout t h e  l u n a r  day wi th  a sharp t r a n s i t i o n  t o  cooling Fm- 
mediately a f t e r  sunset .  The l a c k  of a s i g n i f i c a n t  morning phase l a g  and the  
abeenca of afternoon cool ing i n d i c a t e  t h a t  t h e  probe sensors  a r e  responding 
primarily t o  d i u r n a l  pulse  propagation down the  probe-borestem ho le  r a t h e r  
than t h e  d i u r n a l  response of t h e  ad jacen t  r e g o l i t h .  I n  l a r g e  measure t h i s  
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h e a t  t r a n s f e r  is by r a d i a t i o n  along t h e  tube.  Unlike t h e  lunar  su r face ,  t h e  
protruding borestem maintains a n e a r l y  cons tan t  high temperature dur ing t h e  
lunar  day due t o  the  o r thogona l i ty  of t h e  borestem-lunar s u r f a c e  o r i e n t a t i o n .  
Daytime flux i n t o  t h e  protruding borestem der ives  both from d i r e c t  s o l a r  
hea t ing  and r a d i a t i o n  from t h e  lunar  su r face .  The s o l a r  c o n t r i b u t i o n  maxi- 
mizes near  s u n r i s e  and sunse t  whfle t h e  h e a t  emit ted  by t h e  s u r f a c e  peaks 
near  noon. The summirrg of t h e s e  e f f e c t s  r e s u l t s  in t h e  approximate constancy 
o f  daytime protruding borestem temperatures,  which serve  a s  a ho t  source  f o r  
t h e  axial  pumping of h e a t  downward dur ing t h e  day. Radiat ive  t r a n s f e r  exp la ins  
t h e  n e a r l y  inrmediate response of t h e  probe sensors  a t  sunr i se .  Both r a d i a t i o n  
and borestam w a l l  conduction wbsequen t ly  d e l i v e r  hea t  t o  t h e  probe sensors  from 
t h e  protruding borestem ' r e ~ c r v o i r '  throughout the  lunar  day; a t  sunse t ,  t h e  
borestem coo ls  almost immediately as t h e  oppos i t e  process t akes  place .  
The quest ion remains as t o  why t h e  probe 1 sensor ' s  d i u r n a l  response more 
c l o s e l y  resembles t h e  r e g o l i t h  d i u r n a l  v a r i a t i o n  than t h e  probe 2 d a t a  o r  t h e  
modelling r e s u l t s  f o r  e i t h e r  probe. One f e a s i b l e  explanat ion is t h a t  t h e  re- 
f l e c t i v e  p l a t e  which caps each borestem appears from photographs t o  be some- 
what t i l t e d  up a t  t h e  probe 1 site, poss ib ly  r e s u l t i n g  i n  r a d i a t i o n  from t h e  
l u n a r  su r face  being r e f l e c t e d  d i r e c t l y  i n t o  t h e  probe 1 borehole. This  could 
exp la in  t h e  e a r l y  af ternoon peaking of probe 1 sensor  temperatures  s i n c e  they 
would be more d i r e c t l y  coupled wi th  a c t u a l  s u r f a c e  temperature v a r i a t i o n s  than 
t h e  probe 2 sensors  o r  e i t h e r  model. 
b. Probe-Regolith Coupling: Diurnal  Var ia t ions  
It is apparent from t h e  d a t a  shown in Figure V-C-2 t h a t  the  a x i a l  thermal 
l inkages  of the  probe-borestem system c o n t r i b u t e  t o  t h e  c h a r a c t e r  of t h e  probe 
sensors '  d i u r n a l  v a r i a t i o n s .  Tc a s s e s s  the. e f f e c t s  of r e g o l i t h  thermal pro- 
p e r t i e s  on t h e  probe response, models were run with  d i f f e r e n t  r e g o l i t h  thermal 
p r o p e r t i e s  f o r  t h r e e  luna t ions  each. Although t h i s  is n o t  normally enough time 
f o r  a pe r iod ic  s t eady-s ta te  s o l u t i o n  t o  be obta ined,  i t  is  s u f f i c i e n t  t o  e s t i -  
mate t h e  e f f e c t s  of r e g o l i t h  p r c p e r t i e s  on probe d i u r n a l  response. Resul ts  a r e  
shown i n  Figure V-C-4. For each of t h e  two models shown, the  d i u r n a l  tempe- 
r a t u r e  v a r i a t i o n s  of a l l  probe and f a r  r a d i a l  boundary (undisturbed) r e g o l i t h  
nodes were Fourier  analyzed,  us ing t h e  second a n d t h i r d l u n a t i o n s  of t h e  t h r e e  
luna t ion  computer runs, t o  y i e l d  t h e  amplitude and r e l a t i v e  phase l a g  of t h e  
d i u r n a l  components. 4lodels C 1  and C2 d i f f e r e d  only  in r e g o l i t h  thermal 
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conductivity below 20 cm: Kt Cx) = 1.5 Kl (x) f o r  x > 20 (Pigurr V-C-4a). 
Note i n  Figure V-C-4b the suppression of the d iurna l  phase l ag  with depth 
a s  sensed by the probe. This r e s u l t s  d i r ec t ly  from the r a6 i a t ive  coupling 
of the subsurface probe and the  above-surface borestem sect ion.  The in- 
creased conductivity model does suppress the  phase l ag  even fu r the r ;  how- 
ever, the raso lu t ion  of average r ego l i t h  conductivity based on the  .probe 
phase l ag  data is much l e s s  than t h a t  implied by the  undisturbed r ego l i t h  
zones. 
Figure V-C-4c i l l u s t r a t e s  mast c l ea r ly  the  importance of the  probe- 
borestem thermal l inkages in derenaining the  probe's d iurna l  response, A t  
the lunat iou frequency, the r ego l i t h  a c t s  primarily a s  a medium in to  which 
the d iurna l  wave disperses  by conduction e f f ec t ive ly  -lowering the probe 
diurnal  response f o r  higher r ego l i t h  conductivity.  Thus, we see  tha t  the 
diurnal  amplitude response of r ego l i t h  and probe a r e  e s sen t i a l l y  negatively 
coupled in t h a t  a higher r ego l i t h  conductivity r e s u l t s  i n  l a rge r  d iurna l  
var ia t ions  within the r ego l i t h  (lower at tenuat ion)  but reduced var ia t ions  
within the probe (higher at tenuat ion) .  This e f f e c t  dominates at a l l  depths 
below 20 cm, but quant i ta t ive ly  depends in a complex manner on the aapl i tude 
and phase co r r e l a t ion  between the  probe and r ego l i t h  va r i a t i ons  a t  a given 
depth. For these reasons, the u t i l i z a t i o n  of probe d iurna l  va r i a t i ons  a s  
an accurate  means t o  estimate regol i th  thermal propert ies  had to  be abandoned'. 
c'. Probe-Regolith Coupling: Annual Variations i n  Mean Temperature Prof i le .  
Previous models, both ana ly t i c  and numerical, had been u t i l i z e d  t o  examine 
the e f f ec t  of the r e l a t i ve ly  high conducting probe-borestem system upon the 
loca l  r ego l i t h  steady-state gradient.  It was found tha t  f o r  depths a t  which 
diurnal  var ia t ions  were negl ig ib le ,  the gradient a s  measured by the  probe 
d i f fe red  from the undisturbed l o c a l  r ego l i t h  value by l e s s  than 5%. However, 
the shallow emplacement a t  the  Apollo 15 s i t e  did r e s u l t  i n  s ign i f i can t  
diurnal  var ia t ions  a t  four  of the working probe sensors aud the  question of 
how re l i ab ly  the time average probe temperature p ro f i l e s  re f lec ted  the r ego l i t h  
gradient required invest igatfon,  Of prlme importance was the e f f e c t  of the 
mean temperature difference between the lunar surface and the protruding 
borestem sec t ion  and the r e su l t an t  equilibrium thermal regime i n  the sub- 
surf ace. 
In addi t ion t o  the shallow sensor diurnal  components, annual temperature 
var ia t ions  were detected i n  the long-term data  a t  a l l  but the d c e ~ e s t  probe 1 
sensors .  Once again ,  c o r r e l a t i o n  b e t ~ a e n  r e g o l i t h  annual v a r i a t i o n s  and 
thermal p r o p e r t i e s  demanded i n v e s t i g a t i o n .  To examine t h e  c o r r e l a t i o n  of 
both t h e  shallow sensor  mean temperature g rad ien t  and t h e  measured annual 
v a r i a t i o n s  wi th  t h e  comparable temperature components i n  t h e  undisturbed 
r e g o l i t h ,  the  probe 2 numerical model waa run wi th  t h e  nominal thermal 
proper ty  p r o f i l e  f o r  a simulated per iod of 2.2 years .  The run of over  27 
l u n a t i o a s  was required t o  achieve a s a t i s f a c t o r y  per iod ic  s t e a d y - s t a t e  
s o l u t i o n  f o r  t h e  probe-borestem-regolith thermal regime and t o  a l low an 
accura te  Four ier  a n a l y s i s  t o  o b t a i n  the  annual components. Diurnal  and 
annual components were i d e n t i f i e d  using the  same f i n i t e  Four ier  transform 
tecnnique as was employed f o r  t h e  a c t u a l  lunar  da ta .  Both probe nodes and 
f a r  r a d i a l  boundary nodes (undisturbed by t h e  probe presence) were analyzed. 
Probe and r e g o l i t h  comparison of mean temperatures,  phase l a g ,  and annual 
amplitude p r o f i l e s  aro, saown Fn Figure  V-C-5. The l a r g e  o f f s e t  i n  mean 
temperature (Figure 7-C-5a) a t  depths  l e s s  than 50 cm r e s u l t s  d i r e c t l y  from 
t h e  mean temperature d i f f e r e n c e  between t h e  protruding borestem and t h e  
l u n a r  si irface.  Only a t  depths  below s i g n i f i c a n t  d i u r n a l  v a r i a t i o n s  ( 5 0.05*K) 
does the  rego1i:h temperature regime t o t a l l y  c o n s t r a i n  the  probe g rad ien t .  
Sensors i n  t h e  t e a i o n  of s i g n i f f c a n t  d i u r n a l  v a r i a t i o n  can be cor rec ted  
using t h e  probe models. These c o r r e c t i o n s  have been app l ied  t o  both  t h e  
probe 1 and probe 2 shallow sensor  d a t a  based on t h e  r e s u l t s  shown i n  Figure 
V-C-5a. 
Figures V-C-5 b and c i l l u s t r a t e  the  e x c e l l e n t  probe-regol i th  coupling 
f o r  t h e  long per iod annual component upon which t h e  subsequent r e v i s i o n  of 
r e g o l i t h  thermal conduc t iv i ty  and hea t  flow was based. The n e a r l y  constant  
o f f s e t  tz phase between t h e  probe and undisturbed r e g o l i t h  is e s t a b l i s h e d  
c l o s e  t o  t h e  s u r f a c e  and does no t  a f f e c t  the  subsurface  conduc t iv i ty  deductions 
which a r e  cons t ramed  only by t h e  r a t e  of phase change wi th  depth.  The probe 
and r e g o l i t h  annual amplitude components can be considered v i r t u a l l y  i d e n t i c a l  
a t  a l l  depths i f  allowances a r e  made f o r  the  u n c e r t a i n t i e s  present  i n  t h e  
Four ier  transform a n a l y s i s .  These r e s u l t s ,  when compared wi th  t h e  near  
absence of , o r  negat ive  probe-regoli th coupling,  f o r  d i u r n a l  v a r i a t i o n s  
shorn i n  Figure V-C-4a a r e  i n d i c a t i v e  of the  frequency dependence of the  
probe-regoli th coupling f o r  pe r iod ic  temperature v a r i a t i o n s .  A t  f requencias  
a s  htgh a s  t h e  d i u r n a l ,  a x i a l  hea t  t r a n s f e r  by r a d i a t i o n  and probe-borestem 
conduction is. a primary f a c t o r  i n  c o n t r o l l i n g  t h e  subsurface  probe response. 
The high frequency of the lunat ian cycle mit igates  the e f f ec t  of temperature 
var ia t ions  within the adjacent r ego l i t h  which a r e  thermally coupled to  the 
probe-borestem system only by the  highly insu la t ing  lunar s o i l .  Annual 
var ia t ions ,  on the other  hand, a r e  of such low frequency tha t  a t  any given 
timr durfng the year, a near equilibrium thermal regime is establ ished i n  
which t he  probe tomparatures a r e  almost t o t a l l y  constrained by the adjacent 
r ego l i t h  temperatures. These modelling r e s u l t s  provided the b a s ~ s  f o r  a 
reevaluation of the regol i th  thermal conductivity from the Apollo 15 and 17 
annual wave data. 
The computational scheme u t i l i z e d  assumes t h a t  a11 t h e m 1  p r o p e r t i e s  
and node temperatures ramain cons tan t  over  one time s t e p .  The temperature 
change a t  any given node over  t h e  time s t e p  is than simply t h e  t o t a l  h e a t  
f l u x  a c r o s s  a l l  node boundary s u r f a c e s  m u l t i p l i e d  by t h e  time s t e p  and 
divided by t h e  hea t  capac i ty  of t h e  node. 
where A t  is t h e  time s t e p .  
Vi, pi, Ci a r e  t h e  volume, dens i ty  and hea t  capac i ty  of node i, and 
F is t h e  f l u x  l n t o  node i across  i ts  j t h  boundary, summed over  each of 
1) 
its Ni boundaries. 
I n  t h e  c y l i n d r i c a l  coordinate  system, f o r  an i n t e r i o r  node +rich no 
f r e e  s u r f a c e  boundaries,  Equation 1 A  can be expressed as: 
where (RR), , is t h e  thermal r e s i s t a n c e  i n  t h e  r a d i a l  d i r e c t i o n  between 
+ v J  
node c e n t e r s  i , j  and 1 + 1, j  and (RV) is  t h e  thermal r e s i s t a n c e  i n  t h e  
i, j 
v e r t i c a l  d ~ l r e c t i o n  between node c e n t e r s  i , j  and t , j  +I. 
The thermal r e s i s t a n c e s  can be ca lcu la ted  from the  node geometry under 
t h e  assumption of constant  f lux  over  the  d u r a t i o n  of t h e  time s tep .  
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where 
At the lur.ar surface, the flux boundary condition is : 
e is 'he infrared surface emittance 
r~ is the Stefan-Boltzmann constant 
A is the solar alLsdo : and, 
I(t) is the time dependent solar flux. 
Equation ( ~ f i )  is expressed in finite-difference t o m  for each of the 
lunar surface 7 aes by using the approximation: 
With the . ubstitution of (10A) ieto (9A) ,  the not -linear surface boundary 
condition can be solved iteratively for Ts using the Newton-Raphson method. 
For the borestem, probe and cable nodes which possess free boundary 
surfaces, radiative exchange is calculated with all other line of sight 
nod2 surfaces by assuming unit emittance and atilizing computed direct 
exchange areas based on the concentric cylinder formulae given in Hottel 
and Sarofim (1967). The net radiative flux Fnto all such node surfacer? 
is then calculated (utilizing the temperature distributioa at a given time 
step) and substituted in Equation 1A. 
Revised d i f f u s i v i t y  va lues  r e s u l t i n g  from ana lyses  of t h e  t w o ,  and 
t h r e e  and a h a l f  year  subsurface  temperature h i s t o r i e s  a t  t h e  Apollo 17 
and 15 si tes  have been published (Langseth et al., 1976). In t h i s  s e c t i o n  
we d e s c r i b e  i n  more d e t a i l  t h e  f i l t e r i n g ,  smoothing and curve f i t t i n g  
techniques u t i l i z e d  in t h e  long-term analyses .  
The primary t o o l  us3d f o r  component separa t ion  (d iu rna l ,  annual ,  t ran- 
s i e n t  and noise)  was , f i n i t e  Four ier  t ransform computer program 
n 
T. t program requ i red  as inpu t  2 equa l ly  spaced ( i n  
time) d a t a  po in t s  wi th  n any in teger .  The temperature h i s t o r y  a a t a  were 
converted t o  t h i s  form by l i n e a r  i n t e c p o l a t i o n  between ad jacen t  d a t a .  A t  
t he  Apollo 15 g rad ien t  sensors ,  4096 (a = 12) d a t a  po in t s  were u t i l i z e d  over  
approximately a t h r e e  year  window. For t h e  r ink  b r idge  sensors ,  512 (n = 9) 
d a t a  p o i n t s  were input  i n t o  t h e  t ransform program. I n  a l l  c a s e s ,  t h e  output  
cons i s ted  of 2" -1 p a i r s  of t h e  cos ine  and s i n e  compoaents. 
' 
A t  t h e  Apollo 1 5  s i t e ,  a  two s t e p  t ransform process w a s  used. F i r s t ,  a  
d a t a  window of exac t ly  38 mean synodic per iods  w a s  transformed, u t i l i z i n g  t h e  
a v a i l a b l e  d a t a  up t o  December 31, 1974 (Step 1). This  transform window 
encompassed over  t h r e e  years  of d a t a  but  excluded t h e  f i r s t  few l u n a t i o n s  
following deployment t o  minimize t h e  i n i t i a l  cond i t ion  e f f e c t s .  Represen- 
t a t i v e  s p e c t r a  a r e  shown i n  Figure V-C-6. ( see  Figure V-C-8 
f o r  t h e  time s e r i e s  d a t a ) .  A t  t h e  shal lowest  sensors  (TFJM,  TG22h), s i g n i -  
f i c a n t  d i u r n a l  harmonics can be c l e a r l y  seen a t  f requencies  s i x  t o  e igh t  
times t h e  luna t ion  fundamental Cn = 38).  S i g n i f i c a n t  nonrandom power is 
a l s o  present  a t  near  d i u r n a l  f requencies  due t o  t h e  v a r i a t i o n  i n  the  synodic 
period throughout t h e  year .  A t  a  deeper sensor  such a s  TGllB, d i u r n a l  com- 
ponents a r e  s t i l l  s i g n i f i c a n t ,  al though s t r o n g l y  a t t . n u a t e d  r e l a t i v e  t o  t h e  
shallower depths.  A t  t he  deepest  sensors  (such a s  TG22B) t h e  b a r e l y  d i s -  
c e r n i b l e  d i u r n a l  component probably r e s u l t s  from a day-night o f f s e t  I n  t h e  
e lec t ronf  c ' s  c a l i b r a t i o n .  
The l a r g e  low freqaency components a r e  pr imari ly  t h e  s i g n a t u r e  of the  
long-term t r a n s i e n t  rise present  a t  a l l  sensors .  A t  t he  n = 3 harmonic, 
s i g r d f i c a n t  power is produced by t h e  annual component, e s p e c i a l l y  a t  the  
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shallower sensors (For a 38 lunat ion transform window, the p r sc i se  annual 
frequency would be a t  n = 3.07). Since the purpose of the long-term ana- 
l y s i s  w a s  th3 p r e i i s e  i den t i f i ca t ion  of the annual components and pure 
t r ans i en t  response, the spec t ra  suck a s  shown in Figure V-C-6 were smoothed 
t o  a l imin l t e  the d iurna l  components and minimize the high frequency noise.  
For this purpose, the high frequency components (n > 12), excepting the 
d iurna l  and surrounding frequencies,  were f i t t e d  with anal.ytic expressions 
cons is ten t  with the  general t rends of the s i n e  and cosine high frequency 
components. For the s i n e  components an exponential decay function of the 
form 
w a s  utilized. For the  cosine component, note t ha t  the high frequency noise 
has a d e f i n i t e  pos i t ive  b ias .  This property is a cha rac t e r i s t i c  of the dis- 
c r e t e  Fourier transform u t i l i z e d .  The high frequency cosine noise averages 
t o  zero asymptntically with the numbe; of data  points  used in the transform. 
For t h i s  reason, a l i n e a r  f i t  ta the n > 12*harmonics was employed. h 
example of the  spectrum f i l t e r i n g  f i t ,  u t i l i z e d  f o r  TR1U-, is shown in 
F i w r e  V-C-7. Note the absence of the d iurna l  and near d iurna l  components 
which were not used i n  the f i t s .  The cosine f i t  (a  small pos i t ive  constant) 
shows t h a t  the t rans ien t  power is contained p r i s a r i l y  i n  the low cosine 
frequencies . As pointed out e a r l i e r ,  the non-zero high frequency noise 
average ts an a r t i f a c t  of the Fourier transform computation technique, The 
experimental decay f i t  to  the high frequency s ine  components is compatible 
with the theo re t i ca l  spectrum of an ideal ized t r ans i en t  response (discussed 
i n  the next sec t ion) .  illso shown i n  Figuxe V-C-7 is the inversion of the 
f i l t e r e d  transform showing the time s e r i e s  da t a  smoothed and f r e e  of the 
d iurna l  components. These smoothed data  were then transformed using a window 
exact ly three years long (Step 2). This spectrum i s  shovn on the r i g h t .  The 
component a t  n * 3 contains power both from the annual var ia t ion  and the long- 
term t rans ien t .  Separating the m contr ibut ions was the prlnary goal of the 
long-term analysis .  A t  the  shallower sensors,  such a s  TRLl.4 (45 cm), the 
annual and t r a s i e n t  contr ibut ion a i e  of comparable magnitude and a good 
f i r s ;  approximation of the annual component can be obtained by interpo1a:inb 
fo r  the n 3 t rans ien t  contr ibut ion from the surrounding spectra  which re- 
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present t rans ien t  power only (see the three  year transform of Figure 
V-C-7). A t  the deeper sensors,however, the t rans ien t  contr ibut ion a t  the 
annual frequency is many times l a rge r  than the annual component i t s e l f ,  and 
in te rpola t ive  techniques cannot always be used. For example, a t  the  Apollo 
17 s i t e ,  the  shallowest probe sensors were a t  a depth of 1.3 m. Discernible 
annual va r i a t i ons  were present i n  the r e a l  time da ta ,  but  did not s tand out 
c l ea r ly  from the t rans ten t  background i n  the  frequency spectrum. This is 
i l l u s t r a t e d  i n  Figure k-C-8 which shows the time and frequency domain data  
a t  the  Apollo 17 absolute temperature sensor TGllA and the more accurate  
temperature difference data  a t  DT21. Note t h a t  only two years of da ta  were 
ava i lab le  f o r  frequency analyses. Thus, the fundamental annual component 
l i e s  a t  the n = 2 harmonic of the transform. The primary d i f f i c u l t y  is 
caused by the la rge  amplitude a t  the  n = 1 frequency due to  the aperiodic  
t rans ien t .  The shape of the  t r ans i en t  background spectrum is too i r r egu la r  
near the n = 2 annual frequency t o  allow a r e l i a b l e  in te rpola t ion  to  e l h i -  
nate  the t rans ien t  contribution. (The modulation of the spectra  seen a t  higher 
frequencies is a r e s u l t  of the shor t  term conductivity experiments characterized 
by the spikes witbin the f i r s t  lunat ion of the time h i s to ry  data.  The d iurna l  
components seen i n  the  absolute temperature data  a t  T G l l A  r e s u l t  from a day- 
night b ias  i n  the e lec t ronics  ca l ib ra t ion  and do not represent a r e a l  pene- 
t r a t i o n  of the diurnal  wave t o  a 130 cm depth.) The most precise  method f o r  
separating the annual components trom the t rans ien t  background is cn examination 
by eye of the f i l t e r e d  r e a l  time data.  F i r s t ,  any d iurna l  var ia t ions ,  i f  
present,  and the high frequency noise were f i l t e r e d  out a s  described previously. 
The r e su l t i ng  r e a l  time data  containing only t rans ien t  and annual components 
were then rep lo t ted  on a s  l a rge  a s ca l e  a s  the  res idua l  noise l e v e l  permitted. 
An i n i t i a l  estimate of the s ine  and cosine ,~nnual  components was then made by 
in te rpolc t ion  and the  temperature h i s to ry  da ta  rep lo t ted  with the assumed 
annual components subtracted out.  The r e su l t an t  plot  was then carefu l ly  
examined by eye fo r  any d iscern ib le  annual per iodic i ty  remaining. This 
process was repeated f o r  various values of assumed annual components u n t i l  no 
annual f luc tua t ion  could be detected i n  the rep lo t ted  data .  The reso lu t ion  of 
the trial and e r ro r  method a t  representat ive sensors of varying precis ion is 
i l l u s t r a t e d  by the t e s t  models shown i n  Figures V-C-9 through V-C-12. I n  a l l  
cases,  the v e r t i c a l  scale r e f e r s  t o  the  f f i t e r e d  data  with no annual component 
removed. If feas ib le ,  i n i t i a l  estimates -f the s ine  and cosine components 
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a r e  made by i n t e q o l a t i n g  from the surrounding pure t rans ien t  components of 
the frequency spectrum. For example, a t  the shallowest Apollo 15 probe sensor 
(TGllA, Figure V-C-9) the three year spectrum exhib i t s  a d i s t i n c t i v e  cosine 
component a t  the n - 3 annual frequency, most of which is due t o  the annual 
per iodic i ty .  An in te rpola t ion  from the  su  rounding frequencies (n - 1,2)  
p ie ldr  an i n i t i a l  es r imr t r  of Ac 2 - 0.272; Aa 2 - 0.017. Further re f  i n e m a t  
is obtained by rep lo t t ing  the real time da ta  with a feas ib le  range of annual 
components subtracted. On the s ca l e  shown, annual fluct%stionr can b t  iiir- 
ccmed by rye in a l l  carer  except f o r  Ac = - 0.260; As - 0,005 and Ac - -0.275; 
b = - 0.005. ( I r r a g u t a r i t i e s  of non-annual frequency r e s u l t  from the f i l t e r i n g  
techniques described e a r l i e r  used t 5  el iminate  the d iurna l  components and 
minimize the high requency not, 1. Further resolut ion of tha annual com- 
ponents by p lo t t ing  on expanded s c a l e  resu l ted  i n  f i n a l  estimates of 
Ac = - 0.265 (= 0,090) and As = - 0.005 (+ - 0.010) f o r  TGllA. 
Limitations of t he  'eycba'dng'  technique a r e  i l l u s t r a t e d  i n  Figure V-C-10. 
I n i t i a l  s p e c t m z  in te rpola t ion  e s c i i c t e s  i nd ica t e  t h a t  the annual component is 
very near zero (<O. OLO) a t  the depth of TGl2B (138 cm) . (Note the d i f fe rence  
i n  s ca l e s  f o r  the s i n e  and-cosine spec t ra ) .  Inspection of the r e a l  time data  
confinns the spectrum indica t ioas .  The subt rac t ion  of any s i n e  component 
l a rge r  than 10.01 1 r e s u l t s  in an e a s i l y  d iscern ib le  annual var ia t ion  while no 
such var ia t ion  can be seen i n  the the h i s to ry  da ta  assuming zero annual com- 
ponent. F fV:  t h i s  reason, fu r the r  r e s o l ~ t i o n s  obtained by eyeballing on ex- 
panded sca l e  resul ted in the  establishment of an upper bound f o r  the annual 
component of J A C ~  C 0.003; l ~ s l  < 0.005. Note t h a t  t h i s  resc lu t ion  Cs an 
order of magnitude below the noise l eve l  of the absolute  temperature data.  
A t  the Apollo 17 s i t e ,  the increased emplacement depths severely l imited 
the uscfulncis  of the absolute temperature data  fo r  the determinatioc gf 
~ n n u a l  components. Cnly  the uppennost probe sensors (130 cm exhibi ted annual 
var ia t ions  detectable  within the absolute temaerat;.re noise (2 0.7S°K). To 
obtain annual components a t  o ther  depths, both the more accurate temperature 
difference (DT) data and the shallowes? (15 cm) thennocouples were e x d n e d .  
Analysis for  the Apollo 1 7  DT12 gradient sensor is shown i n  Figure V-C-11. 
A t  the time of analysis ,  2.7 years of Apollo 1 7  data  were ava i lab le .  Thus, 
the .~ourier  analysis  was done over a two year window and the r e a l  time data  
were inspected with various annual c.umponentu removed ovev the f u l l  2 . i  years.  
From the spectra ,  i t  can be see11 tha t  a cosine component of approximately 
-0.0035 is required. Because of the shape of the s ine  spectrum, the s ine  
TABLE V-C-1 
Annual Componmts at  A015 and A-17 Subsurface Sensors 
Depth 
Apollo 15, Probe 1 3 5 
45 
7 3 
33 
: * Apollo a 
/ / 
15, Probe 2 49 
59 
87 
97 
j I 
i ; 
ApoXlo 1 7 ,  Probe 1 15 
130 
f 186 
! R Ap0110 17, Probe 2 15 
i , .  131 
component cannot be d i r e c t l y  estimated. The r e a l  time t e s t  p lo t s  show the 
reso lu t ion  ava i lab le  f o r  s i n e  components ranging from -0.003 t o  + 0.001. 
Even on the  l imited sca l e  of Figure V-C-11, i t  can be seen t h a t  a value of 
A s  2 0,001 is required t o  el iminate  a d i scern ib le  azlnual var ia t ion .  Further 
eyebal l lag ana lvs is  on expanded s c a l e  y ie lds  A c  - - 0.0036 (5 0.0002) and 
As =- 0.0012 (5 0.0002). Again, the reso lu t ion  obtained is an order  of 
magnitude increase over the  accuracy of the data.  The temperature d i f fe rence  
annual components were assumed t o  be representat ive of the annual va r i a t ion  
at the  top gradient sensor (185 em). This is equivalent t o  assuming zero 
annual , ~ n r f a t i o a  a t  the  lower gradient  seasor ,  a j u s t i f i a b l e  assumption i n  
view .:- the low thermal d i f f u s i v i t y  of the lunar  regol i th .  
The Apollo 17 thermocouple da ta  TC23 (15 cm), ahown i n  Figure V-C-$2, a r e  
accurate only t o  f 0.5OK. However, a t  the 15 cm depth, the  annual component 
is l a rge  enough t o  permit a good f i r s t  estimate from the  two year spectra .  
The time s e r i e s  data  shown have been f i l t e r e d  t o  remove a d iurna l  component 
and t o  minimize the thermocouple noise. Cosine component resolut ion is i l l u s -  
t ra ted .  Further t r i a l  and e r r o r  ana lys is  on expaniied sca l e  yielded Ac = 0.18 
(t 0.03) and As = 0.64 (+ - 0.04)OK. 
Annual components a t  a l l  analyzed Apollo 15 and 17 sensors  a r e  presented in  
TableV-C-1 . Resultant bulk r ego l i t h  conductivity estimates based on the 
annual amplitude depth a t tenuat ion  a r e  discussed in Langseth e t  a l .  (1976) and 
a t  the end of t h i s  sec t ion  
e. Annual Wave Dif fus iv i ty  Deductions 
For a medium of uniform thermal propert ies  the amplitude of a harmonic 
temperature var ia t ion  a t  the  surface a t tenuates  with depth with a decay cons- 
t a n t  B = -, where w is the fundamental frequency and K the thermal d i f fus i -  
v i t y  CCarslaw and Jaeger,  1959). For the lunar  s i t ua t ion ,  departures from 
homogeneity occur primarjly a t  shallow depths ( less  than 10 cm). A t  these 
depths, non-l ineari t ies  produced by the s t rong temperature dependence of 
thermal propert ies  mwt a l so  be considered. However, a l l  probe sensors over 
which temperature gradient measurements were made l i e  a t  l e a s t  35 cm below the 
surface. A t  these depths, d iurna l  va r i a t i ons  a r e  l e s s  than 6'K and the tem- 
perature dependence of thermal proper t ies  need not be considered. I n  addi t ion,  
i f  one measures the at tenuat ion from one sensor to  the next,  the r e su l t an t  
d i f f u s i v i t y  estimate w i l l  represent,  to  f i r s t  order ,  an e f f ec t ive  bulk d i f fus i -  
v i t y  between the two sensor depths, r e ~ a r d l e s s  of the propertrzs  of near-sur- 
face layers .  
F
igu
re V-C-13 
Figure V-C43shows the at tenuat ion of annual temperature va r i a t i ons  with 
depth a t  the Apollo 15 and 17 s i t e s .  Within the accuracy of the amplitude 
determinations, l i n e a r  f i t s  to  the exponential a t tenuat ions were made, with the 
bes t  f i l l i n g  a t tenuat ion  curves shown in  the  f igure.  The range of acceptably 
f i t t i n g  cumes corresponds t o  a range of d i f f u s i v i t i e s  of + 0.08 x 
The sparseness of the  da ta  from the  Apollo 17 s i t e  is  due to  the r e l a t i v e l y  
deep probe emplacement depths. Annual wave amplitudes could be resolved only 
f o r  the  absolute temperature h i s t o r i e s  of the top probe sensors.  Amplitudes 
a t  depths of nearly 2 m were derived from the w r e  accurate  temperature dif-  
ference da ta  with the  assumption t h a t  a l l  annual va r i a t i ons  were due t o  varia- 
t ions  in the  upper sensor temperature. The shallowest Apollo 17 data  points ,  
a t  15 cm, were calculated from thermocouple temperature h i s t o r i e s .  The narrow 
range of l i n e a r  f i t s  again supports the  assumption of regol i th  thermal property 
homogeneity a t  depths below 10 cm. 
f .  Theoretical F i t s  t o  the  Long-Term Transients  
Following subtract ion of our best  estimates of annual components from 
the time s e r i e s  da ta ,  t he  remaining t r ans i en t  h i s  t o r i & ,  propagating down- 
ward from the  disturbed surface region, were analyzed t o  provide an addi t iona l  
estimate of t he  bulk r ego l i t h  thermal propert ies .  
In  ac tua l i t y ,  the region of perturbed mean surface temperature i s  made up of 
a patchwork d i s t r i bu t ion  of footpr in t  indentat ions,  scuffed surface f ines  and 
some undisturbed surface elements within a few meters of each probe. The 
r e l a t i v e  contr ibut ion of each disturbed surface element t o  the subsurface 
t rans ien t  behavior w i l l  depend on the s o l i d  angle subtended a t  a given probe 
depth by that surface element: - CI - (2' + rL) 
dT = 2;i 4 Kt  + e r f c  (. 
In  the above equation dT is the temperature change a t  probe depth Z and time 
t due t o  a temperature change 0 over a surface element subtending so l id  angle I 
I 
dS3 a t  depth 2 and located a l a t e r a l  dis tance r from the  probe ax is .  The 
r ego l i t h  thermal d i f f u s i v i t y ,  K , is assumed unifonn. Erfc is the complimentary 
e r ro r  function. Equation (J.1 ind ica tes  t h a t  a t  the  shallower probe depths, 
t rans ien t  disturbance w i l l  be weighted most heavily by the disturbed surface 
elentents nearest  the probe axis. A t  g rea te r  depths, the probe ax i s  proximity 
of disturbed surface elements w i l l  be l e s s  of a f ac to r  In t h e i r  r e l a t i v e  
e f f e c t  on the subsurface t r ans i en t  response. 
Becairse the  ac tua l  d i s t r i bu t ion  of disturbed surface elements is  unknowrt, 
wa have f i t t e d  the  subsurface t r ans i en t  h i s t o r i e s  t o  an ideal ized t rans ien t  
function appropriate  t o  a uniform disk  shaped surface disturbance of tem- 
perature magnitude B and radius R centered a t  the probe axis. For t h i s  model 
in tegra t ion  of Equation (1) y i e lds  
AT ( z , t )  = B [ e r i c  ( z 1 -  z e r f c t  hz + RZ ) I  ( 2 )  
2 rn J Z ' +  R~ 24 ~t 
where AT is the t o t a l  t rans ien t  e f f e c t  a t  time t and probe depth 2  due t o  
the uniform disturbance of magnitude B and r a d i a l  extent  R. It is t o  be noted 
t h a t  the  f i t t e d  d i f f u s i v i t y  parameter, K , represents  a bulk o r  average value 
between the  surface and a given probe sensor depth. A t  both hea t  flow sites, 
however, the l i n e a r i t y  of the mean temperature p r o f i l e s  and exponential annual 
amplitude at tenuat ions ind ica te  nearly uniform bulk thermal propert ies  a t  probe 
depths. Odly the  upper surface l aye r  (2-10 cm) va r i e s  s ign i f i can t ly  with depth. 
One would therefore an t i c ipa t e  t h a t  the t r ans i en t  d i f f u s i v i t y  f i t s  should 
approack the annual wave r e s u l t s  f o r  the deeper probe sensors.  
I n  the  f i t t i n g  of Equation (2) t o  the probe t rans ien t  h i s t o r i e s ,  time t = 0 
(onset of 'instant;sreous' change i n  the  l o c a l  near surface temperature) was 
taken t o  occur a t  the  end of the f i r s t  lunar night following deployment. In 
ac tua l i t y ,  the establishment of the perturbed regions' mean surface temperatures 
takes place over t he  course of the f i r s t  lunat ion cycle following probe 
emplacement. Ea r l i e r  t = 0 times were tes ted  ( fo r  example, Immediately 
following the  ea r ly  morning deployment and a t  the  f i r s t  sunset) f o r  the  Apollo 
15 t r ans i en t  f i t s  t o  assess  the e f f e c t  of the zero time choice on r e su l t an t  
d i f f u s i v i t y  deductions. In  no case did the r e s u l t s  y ie ld  d i f  f u s i v i t i e s  d i f f e r i n g  
-4 2 
by more than 0.1 x 10 cm /sac,  A t  the deeper sensors,  the e f f e c t s  of zero 
time choice were even l e s s .  
I n  our ear ly  t r ans i en t  f i t s  (Langseth e t  a l . ,  -1976) the  t r ans i en t s  f o r  a 
pa r t i cu l a r  probe were required t o  y ie ld  a constant value of the parameters 3 
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Fits to the astronaut Induced transient component at representative A-15 sensors 
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, and R a s  wel l  a s  a depth p r o f i l e  of average d i f f u s i v i t y ,  K(.Z]. This was 
based on the aserrmption tha t  the disturbed region approximation represented 
by a ' be s t t  choice (in the l e a s t  squares sense) of B and R i n  Equation C2) 
should apply equally w e l l  a t  a l l  sensor depths. This,  however, need not ba 
the  case. One would expect t h a t  the region of astronaut  d i s rupt ion  be con- 
centrated within about one mete2 of t he  probe during the d r i l l i n g  of the hole. 
A t  d is tauces grea te r  than one meter, d i s rupt ion  occurs l e s s  f requent ly with 
the  r e s u l t  t h a t  the angle averaged mean temperature change w i l l  decrease with 
dis tance from the  borehole s i t e .  Thus, due t o  t he  s o l i d  angle e f f e c t  ex- 
pressed i n  the  weighting Equation (2) ,  shallower sensor t r ans i en t s  w i l l  be 
more s t rongly affected by the  near hole  surface disturbance, while a t  deeper 
sensors,  the more'extensive disturbed region w i l l  bear more nearly equal 
weight f o r  the  t r ans i en t  response. For the ref ined t rans ien t  f i t s ,  therefore,  
we have allowed depth va r i a t i on  of the  bes t  f i t t i n g  disturbed region parameters 
B and R within cons t ra in ts  which w i l l  be described fu r the r  on, 
Representative examples of the re f ined  t r ans i en t  f i t s  a r e  shown i n  
Figures V-C-14 and 15. The theo re t i ca l  t r ans i en t  shown a r e  meant to  i l l u s t r a t e  
the sens i t iv i ty .of  the  f i t s  t o  the  d i f f u s i v i t y  parameter alone. Each t r ans i en t  
was f i t  in the  l e a s t  squares sense f o r  the parameters B and R f o r  d i f f u s i v i t i e s  
of 0.40, 0.45.. . 1.5 x loo4. Values of R yere  r e s t r i c t e d  t o  100 5 R 1 300 n 
a t  50 cm in te rva ls .  The s o l i d  curves ind ica te  the  bes t  f i t  obtainable by 
varying a l l  three parameters. The dashed and dotted curves a r e  the bes t  f i t s  
obtainable using r values + 0.2 x loo4 from the optimum allawing fu r the r  var i-  
a t ion  in B and R. A t  the Apollo 15 s i t e  (Figure V-C-14), res idua ls  i n  the  range 
0.005 - 0.025% were obtainable by optimization of . a l l  three parameters. Varying 
K by + 0.2 x lo-( from its optimum value, and then opr in i t ing  B and R increased 
the  res idua ls  by a f ac to r  of 2-3 in most cases. A t  the deepest sensor (139 em] 
comparable f i t s  could be obtairied f o r  K = 0.50 - 0.80 x loe4 (RMS 5 0.015). 
Bowever, the  lover range of these sa t i s f ac to ry  d i f f u s i v i t y  values (0.50-60) can 
be eliminated by the c r i t e r i a  t h a t  the average disturbance magnitude, B, cannot 
exceed tha t  determined f o r  the shallowest sensor. A s  discussed e a r l i e r ,  the 
s h a l l m e s t  sensor 's  t rans ien t  response is heavily weighted toward the near-hole 
region of maximum disturbance. We, therefore,  impose the addi t iona l  cons t ra in t  
t h a t  the e f f ec t ive  B value approprfate to  the deeper sensors (which a r e  s ens i t i ve  
t o  a grea te r  extent  of disturbed surface elements) must be l e s s  than, o r  
equal to ,  that decetmined f o r  the shallowest sensor a t  a pa r t i cu l a r  probe s i t e .  
I 
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TABLE VSC-2 Theoretical Transient Fits 
Sensor Depth u2 R B RHS K-Range 
(an) (hi0 cm sac) (a) (OK) (OK) 
A p o 1 1 o 15 (Probe 1) 
(Probe 2) 
TG 22A 49 0.20 
TR 22A 59 0.25 
TR 22B 87 0.45 
TG 228 97 0.50 
" .  A p o 1 1 o 1 7  (Probe 1) 
(Probe 2) 
Thus, fo r  example, a t  the Apollo 1 7  probe 1 s i t e  O igure  
f i t t i n g  cume a t  the deepest sensor (233 cm) requires  an 
V-C-1 j) the best  
unreasonably la rge  
average mean temperature disturbance, which is incompatible with the t r ans i en t  
f i t s  a t  shallower sensors. The r e s t r i c t i o n  of the f i t  t o  acceptable values of 
B ( 5 4.0) s t i l l  r e s u l t s  i n  res idua ls  w e l l  within the precis ion of the f i l t e r e d  
r e a l  time data  ( O.OLK).  
Refined t rans ien t  d i f f u s i v i t y  deductions f o r  the  Apollo 15 and 17 sub- 
surface sensors a r e  presented i n  Table V-C-2.The parameter values presented 
i n  columns 3,  4 ,  and 5 produce the  bes t  t ranoient  f i t s  ( i n  a l e a s t  squares 
2 sense) f o r  a given sensor.  A parameter resolut ion of 0.05 r loo4 cm l s e c  i n  
thermal d i f f u s i v i  y and 50 cm i n  R was obtained. The d i f f u s i v i t )  range 
presented i n  colunm 7 shows the  range of K values which can produce f i t s  (by 
fu r the r  var ia t ion  of B and R) with RMS res idua ls  within a f ac to r  of two of 
the indicated best  f i t .  
Values of the average surface mean temperature disturbance were r e s t r i c t e d  
t o  values no l e s s  than O.SB* and no grea te r  than 1.2B*, where B* is the B 
value deduced from the uppermost sensor data  a t  a given probe s i t e .  This 
c r i t e r i o n  is based on the assumption tha t  the shallowest sensor,  vhere the 
measured t rans ien t  is l a r g e s t ,  bes t  r e f l e c t s  the surface d is turba lce  nearest  
the borestem ax i s  where e f f e c t s  a r e  the l a rges t .  For example, the f i t s  a t  
the Apollo 15 probe 1 s i t e  require  s ign i f i can t ly  smaller values of B a t  the 
lower sensors than a t  the shallow probe depths, suggesting a decrease i n  surface 
disturbance with r a d i a l  dis tance from tha probe ax i s .  
A t  the  Apollo 15 probe 2 s i t e ,  the qua l i ty  and reso lu t ion  of the theorer ica l  
f i t s  a r e  poor. The RMS minimums a r e  r e l a t i ve ly  la rge  and not sharply defined 
i n  the 3 parameter space. A t  the shallower probe 2 sensors,  the t rans ien t  
h i s t o r i e s  a r e  s ign i f i can t ly  i r r egu la r ,  suggesting a pa r t i cu l a r ly  i r r egu la r  
d i s t r i bu t ion  of mean temperature perturbation a t  the surface,  including regions 
of negative mean temperature anomaly near the probe ax is .  (Early probe 2 
t r ans i en t s  a r e  negative.) Such a surface disturbance r e s u l t s  i n  the poor f i t s  
of the ideal ized model and the downward b ias  of the  d i f f u s i v i t y  estimates.  
Note, howsyer, the large range of ~c values which produce comparable RIG f i t s  
(wlthin a f ac to r  of two) and which a r e  compatible with the probe I r e su l t s .  
A t  the  Apollo 1 7  s i t e ,  the deeper emplacement of both probes r e s u l t s  i n  
a more uniform integrated response to  the surface disturbance. Consistent 
values of the disturbance parameters B and R produce the best  RMS f i t s  a t  a l l  
depths. In a l l  c r m s ,  res idua ls  a r e  within the precis ion of the absolute 
temperature data.  Probe 2 d i f f u s i v i t y  estimates a r a  s l i g h t l y  l e s s  than a t  
probe 1, a r e s u l t  cons i r ten t  v i t h  the annual wave IC deductions, The 
e l i g h t l y  lowar d i f fua iv i ty  estimates based on the  t r ans i en t  f i t s  a r e  pro- 
bably due t o  the  low conductiPity layer  near the surface. I n  view of the 
asampt iour  and approximations inherent in the  ideal ized t r ans i en t  f i t s ,  
the bulk d i f f w i v i t y  results a r e  considered consis tent  with and supportive 
of the  mare r e l i a b l e  annual wave deductions. 
3. Regolith Thermal Conduct iviq from 15-230 cm: Results and Discussion - - -  -U----U~II1III-Y---.U 
Analysis of the  annual wave and astronaut-atnduced t r aa s i en t  from the 
long-term da ta  yielded bulk thermal d i f f u s i v i t y  r e s u l t s  f o r  each of the  
four probe s i t a s .  Conversion t o  effoc:tive thermal conductivity values 
required the input of bulk densi ty  and heat capacity.  The spec i f i c  heat of 
a number of lunar pa r t i cu l a t e  samples has been measured (Hemingway et a l . ,  
1973). Results 'adicated subs t an t i a l  va r i a t i on  with temperature but  almost 
no var ia t ion  from sample t o  sample. A value of 3.67 W sec/gm'K, measured 
a t  250°K vas u t i l i z e d  f o r  all probe depth conductivity calculat ions.  
The bulk densi ty  of d r i l l  core samples w a s  reported by Carr ie r  e t  a l .  
(1974). The r e s u l t s  from the  Apollo 15 d r i l l  core indicated dens i t i e s  t ha t  
3 range from 1.75 t o  1.84 g/cm from depths of 40-160 cm. rue to  disrupt ion 
of the s o i l  during d r i l l i n g ,  these probably represent minimum estimbtes of the 
i n  s i t u  values. Maximum densi ty  measurements on Apollo 15 s o i l s  of 1.89 
+ 0.03 */rp) were obtained by Carr ie r  e t  11. (1974 ) . Thua, a reasonable - 
range of dens i t i e s  t o  use f o r  converting the Apollo 15 d i f f u s i v i t y  estimates 
to  thermal conduct ivi t ies  is 1.75 - 1.90 8/cmi. Similar  reaul ta  f o r  Apollo 
3 1 7  s o i l s  lead t o  an estimated range of 1.83 - 2.09 g/cm . 
Resultant thermal conductivity estimates based on the long-term data a r e  
shorn i n  Figure V-C-16 aloag with the preliminary r e s u l t s  based on the 
i n i t i a l  probe cooldown analysis  and the hea ter  ac t iva ted  experiments. Con- 
s idera t ion  of a l l  the data  ind ica tes  l a rge  s c a t t e r  between the r e s u l t s  of 
d i f f e r en t  methods a t  comparable depths. The f i n a l  choice of the annual wave 
d e d u c t i o ~  a s  being the wr t re l iab lemrasurement  of the undisturbed regol i th  
conductivity war bared on considerationm of the sampling vclume cha rac t e r i s t i c  
I.praaanc bulk a f C u t i w  condu~clv lr ioa  from a u r f u a  to lapch fndicacad. 
Conductivity deductions baaed on both short-term experiments 
and analyses of tha long-time data 
Figure V-C-16 
of the d i f f e r en t  methods a s  wel l  a s  the inherent unccr to in t les  of each. 
The amouut of regol i th  mater ial  influencing the sensor response fo r  each 
of the t rans ien ts  coasidered var ies  d i r e c t l y  with the *'lla duration charac- 
t e t i r t i c s  of the pa r t i cu l a r  t rans ien t .  I n  order of increasing time duration, 
t he  analyzed traxaaients hc luded;  
a. Beater-activated t r ans i en t s  (36 hour duration) 
b . T n i t i a l  cooldown equilibration (approximately 15  days) 
c. Annual wave propagation (one year pariod) 
d. Astronaut-induced disturbpncer (approximrrtelp three t o  e ight  years 
to  reequi l ibr r ta )  . 
The short  term heater-activated experiments sampled tho adjacent r ego l i t h  
only to  dis tances of a few centimetars from each hea ter  locaclon. For ?h i s  
reason, the modeled seasor response, upon which conductivity deductions were 
baaed, was pa r t i cu l a r ly  s ens i t i ve  t o  the  designated thermal l i u k g e s  of t he  
probe and borestem near each gradient  sensor. In addit ion,  a s ign i f i can t  
f rac t ion  of the r ego l i t h  mater ial  sample included the contact zone of mater ial  
disntpted during the d r i l l i n g  process, cas t ing  doubt on the repta ,seatat ivmess 
of these measurements, 
The conductivfty deductions based on the cooldown data  were representat ive 
of primarily the  f i r s t  LO cm of r ego l i t h  adjacent t o  the  borestam. However, 
the uncer ta in t ie r  of thase.measurements, in general a f ac to r  of about two, 
were d i r e c t l y  proportional to  the w c a r r a i n t i e s  of the i n i t i a l  excess heat 
estimates. It is t o  be noted, however, t h a t  the  assumption of negl ig ib le  
d r U 1  heating e f f e c t s  ( the mlnimu- i n i t i a l  temperature care;, lad t o  conduc- 
t i v i t y  r e s u l t s  cotrair t e n t  v i t h  t he  annual wave deductions. 
The prob.-borestam-regolith numerical model drmonstrared tha t  t he  probe 
sensor respoase t o  traualemts of long period (one year or  w i d  is control led 
a n t i r r l y  by the bulk thermal propert ies  of the regol i th .  Variations in 
modelled propert ier  character izing the  thermal l inkages of the  probe-borestem 
rystem and disrupted contact zone had no e f f e c t  on the probe response t o  the 
long pariod t rans ien ts .  Thus, only uncer ta in t ies  re la ted  to  the precis ion of 
component i den t i f i ca t ion  (for  the  annual wave deductionr) and the magnitude an& 
d i s t r i bu t ion  of the surface forcing function ( for  the  Long period astronaut- 
induced t rans ien t )  i imited the accuracy of the long-term analysis .  
The major uncer ta in ty  of t h e  deductions based on t h e  astronaut-induced 
s u r f a c e  dis turbance r e s u l t e d  from t h e  n e c e s s i t y  t o  f i t  t h e  d a t a  t o  a model 
dependent upon th ree  parameters.  The accuracy of t h e  l e a s t  square f i t s  t o  t h e  
t r a n s i e n t  d a t a  depended upon t h e  magnitude and d i s  t r i b u t  ion of t h e  induced 
man s u r f a c e  temperature changes as well as t h e  the& d i f f u s i v i t y  of the  
r e g o l i t h .  I n  add i t ion ,  the  r e s u l t s  were inf luenced by t h e  low conduc t iv i ty  
s u r f a c e  l a y e r  (0-10 cm), a s p e c i a l l y  a t  t h e  s h d l a u e s t  sensors .  It was 
t h e r e f o r e  a n t i c i p a t e d  that t h e  t r a n s i e n t  deduct ions  would be r e p r e s e n t a t i v e  
of a lower bound f o r  t h e m 1  d l f f u s i v i t y ,  e s p e c i a l l y  a t  shallow depths.  A s  
shown i n  Figure  F-C-16, ax depths  g r e a t e r  than 100 cm t h e  r e s u l t s  vary  l i t t l e  
with  depth and approach t h e  annual I -  ve deductions.  
As  d iscussed in a previous s e c t i o n ,  f i t s  t o  t h e  annual wave propagation 
depend only ou one parameter, t h e  the& d i f f w i v i t y .  Also, t h e  low 
conciuctivity s u r f a c e  l a y e r  does n o t  a f f e c t  the  r e s u l t s  s i n c e  only the  r e l a t i v e  
a t t e n u a t i o n  between sensors  is  considered.  Fcr these  reasons ,  we consider  t h e  
deductions based on t h e  anaual wave a t t e n u a t i o n  t c  be t h a  most r e l i a b l e  of 
t h e  in s i t u  conduc t iv i ty  measurements performed t o  Late on t h e  moon.. 
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V-0. STEADY STATE GRADIENTS AND REAT-FLOW VALUES 
Refinement of Subsurface T e m ~ r a t u r a  P ro f i l a s  - - -uu ------.--- 
The idea t i f  i ca t ion  and removal of diurnal ,  annual and t rans ien t  var iatkons , 
and tha corract ious f o r  shallow sensor r a d i a l  fluxes. allow r e l i a b l e  temperature 
p r o f i l e s  t o  be calculated a t  the Apollo 15  probe 2 s i t e  and the  upper sec t ion  of 
probe I. Only the probe 1 lower sec t ion  r e s u l t s  have bean previously reported 
f o r  A ~ o l l o  15. Figure V-P.1  shows the  steady s t a t e  temperature p r o f i l e s  a t  the  
Apollo 15 and 17 s i t e s .  Corrections a t  the  Apollo 15 probe 1 lower sec t ion  anC 
a t  both Apollo 17 s t a t i o n s  due t o  t r ans i en t  and annual e f f e c t s  were qu i t e  small 
( l e s s  than 5 X )  and the  r e s u l t s  a r e  la rge ly  unchanged from those reported pre- 
viously (Langseth a t  al., 1972, 1974). 
The temperatures shown a t  65 cm a t  the  Apollo 17 s t a t i o n s  a r e  thermocouple 
measvrementr which a r e  subs t an t i a l l y  l e s s  accurate than the probe sensor r e s u l t s  
(see Section 111-0). With the  exception of the ApoLlo 1 7  probe 2, 65 cm temFera- 
tu ra ,  a l l  p r o f i l e s  a r e  remarkably l i n e a r ,  suggesting a v e r t i c a l  uniformity of 
bulk r ego l i t h  thermal propert ies  a t  probe depths. The gradients  indicated 
were calculated from a l i n e a r  l e a s t  squares f i t  to  t h e  probe sensor r e su l t s .  
The anomalously low gradient  a t  Apollo 17 probe 2 represents  a lower v e r t i c a l  
heat flow along t h i s  sec t ion  (see Section C-C), The gradient  increases  s igni-  
f i can t ly  a t  shallower depths and may fndicate  a loca l  disturbance t o  the heat 
flow s ince  no comparable change i n  thermal conductivity is  indicated by our 
analysis .  
TABLE V-D-1. Gradients and Heat Flows 
Gradifnt Di f fus iv i ty  Heat Flow 
OK me 10-~cm2 /sac lo-%/ cm2 
Apollo 15, probe 1 1.85 0.87 1.07 + 9% 1.98 10% 
Apollo 15, probe 2 2.52 0.74 0.91 + 10% 2.29 5 15% 
Apollo 17, probe 1 1.35 1.00 1.31 + 11% 1.77 + 12% 
Apollo 17, probe 2* 0.79 0.88 1.15 + 12% 0.91 + 13% 
Apollo 17, probe 2 1.30 0.88 1.15 2 12% 1.49 2 16% 
* Based on thermometers below 130 cm only. 
Tabla V-D-1 summarizes the gradient ,  d i f f u s i v i t y  and heat-flow values 
fo r  each prqba . 
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Mean subsurface temperatures at the four probes vs. dsptl~. flote that terperatures 
of sensors shallower than 65 cm have been corrected upward to account for a steady 
radiative heat loss to the surface. . 
Heat-Flow Var iab i l i ty  
-.------UI 
A t  the Apollo 15 s i t e  the two probes which a r e  separated by ten  meters, 
2 
yield heat  flows t h a t  d i f f e r  by about 0.3 x 10% cm (14% of the upper 
value). The gradients  d i f f e r  by 0. 67°K/m. I f  the  subsurface temperature 
gradiants  a r e  extrapolated l i n e a r l y  t o  the surface,  they y i e ld  temperatures 
t h a t  d i f f e r  by about 2.3.K. It is very l i k e l y  t h a t  the d i f fe rence  in gradient 
obsewed r e s u l t s  from l a t e r a l  va r i a t i ons  Ln extrapolated temperature. The 
extrapolated temperature dols  not  represent  the t r u e  aman surface temperature 
but r a the r  the  mean temperature a t  the base of the layer  dominated by r ad ia t ive  
heat t r ans fe r  (see Section V-A). Consequently, l a t e r a l  var ia t ions  i n  extrapo- 
l a t ed  temperatures r e s u l t  from var ia t ions  i n  t he  de ta i led  r ad i a t ive  charac- 
t e r i s t i c s  of the very near surface layer .  These e f f e c t s  a r e  discussed fu r the r  
i n  Section VI.  
A t  Taurus Littrow we see  a s imi la r  inverse co r r e l a t ion  of extrapolated 
temperature and gradient i f  we ignore the thermocouple reading a t  65 cm of 
probe 2. We have no 'direct  evidence tha t  t h i s  sensor is  giving us a f a l s e  
reading. However, the theGcouples were not a s  ca re fu l ly  tes ted  a s  the  
platinum res i s tance  thermometers and the poss ib i l i t y  of a l o s s  of ca l ib ra t ion  
cannot be m l e d  out.  Extrapolating only the probe 2 temperatures ( those 
deeper than 130 cm) t o  the surface y ie lds  a temperature d i f fe rence  between 
2 the two locat ions of 1.7.K. the difference i n  heat  flow is 0.86 x 1 0 - ~ ~ / c m  , 
48% of the  upper value. The d i f fe rence  i n  gradient is 0.56 *K/m. The r a t i o  
of subsurface gradient difference to  extrapolated temperature d i f fe rence  is  
approximately the same a s  t na t  observed a t  Apollo 15. This suggests t ha t  the 
var ia t ion  i n  extrapolated tmperacura between the two probe locat ions is a 
primary contr ibutor  to  the var ia t ion  i n  heat flow. 
In  pas t  repor t s  we have assumed the thermocouple reading a t  probe 2 (65 cm) 
is val id.  Support f o r  t h i s  assumption is tha t  the gradient calculated using 
the temperature difference between the thermocouple and the lowermost probe 2 
t h e m m e t e r  is 1.3°K/m, the same a s  a t  probe 1. There a r e  two a l t e r n a t i v e  
explanations fo r  the var ia t ion  in gradient with depth and f o r  the difference 
between the twu locat ions.  The f i r s t  is to  assume tha t  a la rge  volume of high 
conductivity mater ial  l i e s  c lose to  probe 2 i n  the subsurface. I n  the Apollo 
1 7  preliminary science report we conjectured tha t  a s o l i d  rock may l i e  adjacent 
to  probe 2 (Langseth e t  a l . ,  1973). The f a c t  t h a t  the lcng period t rana ien ts  
a r e  apparently not affected by t h i s  hypothesized rock de t r ac t s  from the 
explanation. An a l t e rna t ive  cause of the subs t an t i a l  decrease i n  gradient 
below 100 m could be an area  of the surface near probe 2 with anomalously 
high temperature. This hypothesis is supported t o  some extent  by the smaller 
a f f e c t  of the  r s t roaaut  disturbauca a t  probe 2 compared t o  probe 1 a t  Taurus 
Littrow, sea Figure V-0-2. A t  a l l  four  probes the as t ronaut ' s  d i s rupt ion  of 
Via sur face  r e su l t rd  in 8 higher maan surface temperature subsaquently. Thus, 
f f  m a rea  of anomalously high temperature already sx i s t ed  near the  probe 2 
'Location p r i o r  t o  d r i l l i n g  the hole,  t he  r e l a t i v e  e f f e c t  of t he  astronaut 's  
disturbance would be lessened. 
The abovediscussionclear ly i l l u s t r a t e s  the  problems of i n t e rp re t ing  
on ly  four  near surface heat-flow measurements on a surface where s i zab le  and 
mlcnoom v a r l a t i m s  can be expected. 
The bes t  estimate of the  regional hea t  flow a t  Hadley R i l l e  is the mean 
,f the  two observed values (2.1 r 10% g 2 ) .  A t  Taurus Littrow ve assume tha t  
the probe 2 thennocouple reading is va l id  which ind ica tes  a gradient of 1.3'K mW1 
and a heat fl as of 1.49 +l6X. When t h i s  value is averaged with the probe 1 
-.;slue a mean of 1.6 x 10% C U L - ~  is obtained. The value a t  Taurus L i t t rov  is 
probably influenced by its pos i t ion  In a valley. The topographic e f f e c t  of 
surrounding r idges contributes about 0.2 IC 10-%/ang2 t o  the  heat flow. The 
t e r r a i n  e f f e c t s  v i l l  be discussed more f u l l y  i n  Section PI. When the  correct ion 
is taken in to  account, our bes t  estimate of r2gional heat  flow a t  Taurus 
Littrow becomes 1.4 x 1oo6w 
Iangseth, M.G., Jr., S.P. Clark, Jr., J .L .  Chute, Jr . ,  S. J. Keihm and A.E. 
Wechsler (1972) The Apollo 15 lunar  heat flow measurement; in ,  The h o n  
Volume 4, p. 390-410 
L im~se th ,  H.G.. Jr., S.J. Keihm and J. L. Chute, Jr. (1974) Neat flow experiment - 
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PI. ANALYSIS OF EEAT-FLOW MEASUREMENTS 
AND COMPARISONS WITH EARLIER DATA. 
VI-A. TOPOGRAPHIC EFFECTS 
1. Toeosrh~ -- 
Topographic e f f e c t s  on the moon are complicated by the  f a c t  t h a t  the meim 
temperatures of sloping surfaces a r e  a function of the dip angle and azimuth.. 
Variable temperatures over the lunar surface w i l l  induce local ized gradients  i n  
the  subsurface and consequently must be taken in to  account. When cor rec t ing  
oceanic f l oo r  geothermal measurements f o r  t e r rh in  e f f ec t s ,  i t  is v i r t u a l l y  
cor rec t  to  assums tha t  tile seaf loor  surface is isothermal. This s imp l i f i e s  
the analysis .  In  cont inental  regions of rough topography, the surface mean 
temperature may a l s o  be a f fec ted  by the dip and azimuth of sloping surfaces.  
For example, i n  the northern hemisphere the northern s lopes of h i l l s  w i l l  be . 
considerably colder  than those on the south facing s lopes (see Blackwell e t  a l . ,  
i n  press) .  Most heat-flow measurements on ea r th  a r e  made a t  depths great  enough 
s o  t h a t  the e f f e c t s  of mean surface temperature var ia t ion  a r e  at tenuated t o  a 
few percent of the regional  gradients.  However, these e f f e c t s  a r e  important 
f o r  the lunar heat-flow measurement because they a r e  so shallow. 
Figure VI-A-1 i l l u s t r a t e s  the dependence of mean temperature ten centimeters 
below the l o c a l  surface on dip and azimuth angle. The ten centimeter depth is  
chosen to  include the  e f f e c t s  of the l a rge  mean temperature gradient which 
r e su l t s  from the la rge  tamperature dependence of thermal conductivity within 
the f i r s t  few centimeters below the surface. The mean temperature contours 
shown a r e  based on one dimensional model calculatfons run over three lunat ions 
f o r  dip angles of 0-30' and azimuth angles (measured eas t  of north) of 0-360' a t  
10' in te rva ls .  The contours shown represent the deviat ion of mean temperature 
from a f l a t  surface. Note t ha t  north facing slopes (azimuth angle 0') exhib i t  
decreasing mean surface temperatures a s  the dip angle increases .  The opposite 
e f f ec t  occurs fo r  the south facing slopes (azimuth angle of 180'). 
In the above discussion the r ad i a t ive  exchange between surfaces and shadowing 
of surfaces by adjacent t e r r a i n  were ignored. Nhere slopes a r e  la rge ,  g rea te r  than 
DIP (8)  
Dependence of mian tenfparature tG 'centimeters below the local surface 
on d i p  and azimuth angles. The contours represent the deviation (OK) 
of mean temperature from that of a f l a t  surface. 
Figure VI -A-1  
l o 0 ,  the exchange between sloping surfaces and shadowing can be s ign i f i can t  
and have a pronounced e f f e c t  on the mean surface temperature. An example of 
t h f s  e f f e c t  is provided by Hadley Rille. The ALSEP experiments were s e t  up 
approximrtely 1 . 7  km from the eas te rn  rim of Hadley Ri l le .  The r i l l e  is about 
1.4 km across  and 400 m deep. The cross-sectional p r o f i l e  is roughly V-shaped 
(see Figure VI-A-2). During the  amrning, the eas te rn  s lope which is facing 
w e s t  is i n  the shadow u n t i l  the sun r i s e s  to  nearly 30' above the  horizon. 
However, i t  is receiving rad ia t ion  from the  western s lope which, though p a r t i a l l y  
shadowed during the ea r ly  morning, once the  shadow has passed receives s o l a r  
rad ia t ion  a t  a r e l a t i v e l y  high inc ident  angle compared t o  the eas te rn  s lope o r  
the surrounding nearly l e v e l  surface. 
The ra ther  complex h i s to ry  of s o l a r  inso la t ion  and r ad ia t ive  exchange between 
the sloping walls of the r i l l e  were modeledusingatwodimensional f i n i t e  d i f fe rence  
model. The geometry of the  model is shown i n  Figure VI-A-2. The computation 
was car r ied  out i n  two ateps:  f i r s t ,  the mean surface temperature was determined 
by modeling only the upper several  centimeters of the r ego l i t h  and r ad ia t ive  
balances a t  surface nodes during a lunation. Secondly, a f t e r  the mean surface 
temperature was calculated ( the  values a r e  shown i n  Figure VI-A-2) the e f f e c t  on 
subsurface temperatures was found by relaxat ion techniques on a two dimensional 
gr id  of nodes representing the  subsurface. The r e su l t i ng  isothermal s t ruc tu re  is 
a l so  shown i n  the  f igure.  Notable fea tures  of the ca lcu la t ion  a re :  
1. The eas te rn  slope ac tua l ly  a t t a i n s  a mean temperature higher than a 
l e v e l  surface. A s  a r e s u l t ,  heat flows in to  the surface here. 
2. The western w a l l  of the r i l l e  has a temperature 13' lower than a l eve l  
surface and heat flow through the surface i s  a s  a r e s u l t  3.1 times hiqher than 
the observed regional heat flow, The i s o t h e m a l  s t ruc tu re  under the western s lope 
is profoundly affected.  
3. The disturbance produced by the  r i l l e  decays rapidly away from the eas te rn  
r i m  and the  disturbance a t  the  ALSEP s i t e  i s  -2% of the regional  heat flow. Notice 
tha t  the e f f ec t  is much l a rge r  on the  western r i m ,  so t ha t  we benefi ted by the 
r e l a t i v e  locat ion of the experiment to t h f s  fea ture .  
A t  Taurus Littrow, there were two fea tures  near the ALSEP s i t e  t ha t  could 
produce a prominent t e r r a in  e f f ec t .  The north massif is a r idge of mountains 
forming a sloping f a re  whose base i s  only three kflometers from the &SEP s i t e .  
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The r idge is near ly  coa t inuow,  so t h a t  it  can be modeled reasonably accura- 
t e l y  by a bench 1.67 ka high with a plane face  s lop ing  25'. R e  t o e  of the  
bench la 3 h from the  ALSEP s i t e .  Yadelirrg the  f e a t u r e  in t h i s  way allows 
t h e  app l fca t ion  of tha  method of Lachoabruch (1969), t o  determine t h a t  t h i s  
f e a t u r e  &oar results in an 1U increase in the  heat  flow a t  the  measurement 
s i t e .  
The south m u s i f  is about 6 lrrP from t h e  s i t e  aad its shape is approxinutad 
by a tnracated cone. The e f f e c t  oa  t h e  hea t  flow of t h i s  f e a t u r e  was modeled 
aa a tnrocated cone, using f i n i t e  d i f f e r e n c e  techniques i n  c y l i n d r i c a l  coordinates.  
The choice o facoord laa te  system t r a n s f o r s s  t h e  problem Fnto a t*wo dlmeasiorul  one, 
t h a t  caa be more e a s i l y  f o m u h t e d  and computed. The model showed t h e  a f f e c t  of 
t h e  south m s s i f  t o  be s u r p r i s i n g l y  small. Its presence increased the  heat  
flow only 0.7% a t  the  AtSEP site (see  Figure VI-A-3). S w a t  models of c r a t e r s  
shoved that t e r r a i n  fea tu res ,  c i r c u l a r  in plan,  produce very small e f f e c t s  a t  
d i s t ances  equal t o ,  o r  g rea te r ,  than t h e  radius  o f  the  fea tu re .  
Application of t h e  J e f f r e p s  o r  Bif:im4g%ua of Terra in  ~ : f ~ e c t i o n :  
A good approximation t o  t h e  t e r r a i n  e f f e c t  ln complex topography of 
r e l a t i v e l y  low r e l i e f  can be obtained using an approach proposed by J a f f r e y s  (1937) 
and l a t e r  developed by Birch (1950). F i r s t ,  the  temperature d i s t r i b u t i o n  oa a 
f i c t i t i o w  hor izon ta l  plane, the  reference plane passing through t h e  su r face  a t  
t h e  s t a t i o n  poirrt, is estimated by a sfmple l i n e a r  ex t rapo la t ion  of the  tempera- 
t u r e  on t h e  su r face  t o  a p o b t  on the  reference plane usfng the  regional  gradient .  
That is, t h e  temperature an t h e  reference plane , 
r rad 8 a r e  polar  coordinates.  The v e r t i c a l  coordinate,  z,  a t  the  reference 
plane la 0, h is t h e  e leva t ion  of t h e  topography, where p o s i t i v e  is higher than 
t h e  s t r t i o a  point  and r is t h e  reg iona l  thermal gradient .  The disturbance t o  
the  su r face  gradient  a t  t h e  s t a t i o n  point ,  r - 0 ,  is given by 
where ? ( r )  is the  m g l a  averaged temperature around a c i r c l e  of  radius  r. 
Figure VI-A-3 
In prac t ice  the  e f f e c t  is assessed by forming a gr id  over a topographic 
map. Becauae the e f f e c t  of a given area f a l l s  off  rapidly with dis tance from 
r = 0,  the area enclosed by the gr id l i n e s  can be increased rapidly with r 
without s ign i f i can t  l o s s  of accuracy. For each area  i n  the gr id ,  a mean 
elevat ion is assigned and a mean temperature is determined. Note tha t  t h i s  
method can accomod~te var iab le  surface temperatures due t o  the or ien ta t ion  of 
slopes.  The map i n  Figure Vf-A-4 fo r  e x a q l e ,  shows the surface temperature 
d i s t r i bu t ion  at T a w  Littrow using the  graph of Figure VI-A-1. Once the 
temperature d i s t r i bu t ion  on the  reference plane has been a?proximsted, using 
the gr id  and Equation (VI-A-l), temperatures a r e  averaged around each annulus 
t o  determine 7 and then the in t eg ra l  i n  the equation can be evaluated numerically. 
The technique was applied to  the topography a t  Hadley R i l l e  and Taurus 
L i t t r o w  and the correct ion t o  be applied to  the measurements, given i n  Table 
VI-A-1. 
TABLE VI-A-l . Terrain Correct ions i n  Percent 
For Lunar Heat-Flow Measurements Based on the Jef f reys '  Approximation 
S i t e  Topography 
alone Surf ace Temperature Net 
Hadley R i l l e  -6 + 3  + 4 . 2  t o  + 8 . 3  + 0 . 3  + 3.7 . 
Taurus Littrow -10 - + 4 < 0.1 - 10 
Errors r e su l t i ng  from the appl icat ion of the Jef f reys '  nethod have heen 
invest igated f o r  two dimensional topographies by Lachenbruch C19691, His 
r e s u l t s  show tha t  the e f f e c t s  (determined using Jef f reys '  method) of pos i t i ve  
r e l i e f  fea tures  of moderate slope ( l e s s  than 30') on surface gradients  a t  
points f a r the r  than one r e l i e f  height from the fea ture ,  d i f f e r  from exact 
solut ions by only 3% o r  l e s s .  For example, the e f f e c t  due t o  topography 
(calculated using Jef f reys '  approximation) a r e  e s s e n t i a l l y  the same a s  tha t  
determfned using the Lachenbruch bench modal discussed e a r l i e r .  A t  Hadley 
R i l l e  there is a pronounced topographic e f f e c t  of % 6% due la rge ly  t o  the 
- - .  
3fe.n surface temperature (2) in the region of f a u m  Littrw. 
The coatoura represent topography. 
aigure VI-A-4 
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Apennine Front south  . .. t h e  s i t e .  However, t h i s  f r o n t  is fac ing  nor th  and 
consaquently,  has a s u r f a c e  temperature s ignif icanr 'y  below t h a t  of a l e v e l  
surface .  This l a r g e  a r e a  of below average mean s u r f a c e  temperature produces 
an opposi te  e f f e c t  t o  t h a t  of t h e  topography, so t h a t  t h e  n e t  e f f e c t  is not  
s i g n i f i c a n t l y  d i f f e r e n t  from zero (see  Table VI-A-1). The r e s u l t s  given i n  
t h i s  t a b l e  a r e  thought t o  be t h e  b e s t  e s t imate  of t h e  t e r r a i n  c o r r e c t i o n s  
m d  they have been appl ied t o  t h e  raw d a t a  t o  give  t h e  b e s t  e s t imates  of h i ; -  
flow. A t  Hadley R i l l e ,  t h e r e  is no c o r r e c t i o n  so  t h a t  t h e  value  remains 
2.1 pw c n 2 .  A -10% c o r r e c t i o n  is  a p p l i c a b l e  t o  t h e  Taurus L i t t row measure- 
-2 
ment reducing i ts va lue  t o  1.4 w cm . 
Usins Random Walks t o  Estimate T o p o g r a ~ h i c  Correct ions  
I-- ---------------------- - -- ----.---------- 
We experimented with a novel approach t o  determine the  e f f e c t  of t e r r a i n  
on sur face  heat-flow values  based on t h e  p r o b a b i l i t y  theory.  The p r i n c i p l e  of 
t h i s  method is t h a t  the  temperature a t  a po in t  i n t e r i c , ~  t o  a volume on whose 
s u r f a c e  t h e  temperature is def ined everywhere, can be er ina ted  by averaging 
t h e  temperatures a t  po in t s  oa t h e  s u r f a c e  where random walks l.~+unched tram 
t h e  i n t e r i o r  point  emerge (see  f o r  example, Haj i-Sheikh, 1965; Haj i-Sheik and 
Sparrow, 1967). 
The problems assoc ia ted  wi th  using such an approach aided by a computer 
a r e  : 
1. A l a r g e  number of walks a r e  required t o  make a s u f f i c i e n t l y  accura te  
es t imate  a t  a s i n g l e  p o i n t ,  p a r t i c u l a r l y  when t h e  point  is c l o s e  t o  the  su r face .  
2.  Finding a method t o  detennine when a walk had indeed emerged, was a 
non t r i v i a l  problem. Associated wi th  t h i s  was the  problem of  f i n d i n g  a con- 
ven iea t  way of mathematically represen t ing  a complex s u r f a c e ,  such a s  l u ~ a r  
topography, f o r  rapid  computer c a l c u l a t i o n s  of s a l k  p o s i t i o n s  r e l a t i v e  t a  
t h e  surface .  
3 .  Finding a t r u l y  random number generator  is important because the  
s l i g h t e s t  b i a s  i n  azimuth of emerging po in t s  could in t roduce l a r g e  e r r o r s .  
Test  runs using thousands of p o i n t s  were made t o  detennine the  d i s t r i b u t i o n  
of emerging poincs on a plane sur face .  i'he IBM Library Subroutine W U  was 
found t o  be unsu i tab le  f o r  our purposes. 
The f i r s t  problem woe l a r g e l y  solved through t h e  use of r very f a s t  
machine. To ob ta in  a reasonable accuracy,  runs requfrad .ibout 40,000 s e p a r a t e  
walk from a s i n g l e  point .  Af te r  i n i t i a l  experiments i n  which walks were 
launched from s e v e r a l  po in t s  along a v e r t i c a l  l i n e  near  the  su r face  t o  de te r -  
mine the  g rad ien t ,  we found g r e a t e r  e f f i c i e n c y  resu l t ed  from using the  
* 
random walks t o  determine the temperature d i s t r i bu t ion  on a reference plane 
es in the Jef f reys '  technlqw then, using Equation VI-A-2 to  ca lcu la te  the 
gradient df s t r ibu t lon .  
The speed of the walks can a l so  be increased by using the so-called 
f loa t ing  valk. To perform a f loa t ing  valk a t  each s tep ,  the length is chosen 
t o  be the dis tance t o  the nearest  point on the surface,  although the d i r ec t ion  
cosines of the  walk segment a r e  randomly chosen. Such walks f ind  the  surface 
r e l a t i ve ly  rapidly. The path vaa considered t o  emarge from the volume when 
the d i rec t ion  of a s t ep  made a prescribed, small angle v l t h  the d i rec t ion  t o  
the c loses t  point on the surface. 
The model used t o  represent lunar problems w a s  a p p r o & a t e l y  a rectangu- 
l a r  paralle'epiped. The upper surface of the box was the topography represented 
by t r iangular  facets .  This is the only means of representing the surface t h a t  
we t t i e d  and i t  may not be the most e f f i c i e n t .  It did lend i t s e l f  to  r a the r  
easy ~ t h e m a t f c a l  def in i t ion .  
The f loo r  of the box is a plane horizontal  surface placed a t  a depth, D, 
about f i v e  times the  l a rges t  r e l i e f .  .The temperature a t  the bottom was taKen 
a s  r x D where r is the regional gradient.  The v e r t i c a l  w a l l s  were a l so  planar 
and temperatun on the v a l l s  was defined using the l i n e a r  r e l a t i on  
where h is the elevat ion a t  the top of the w a l l  and the depth, z,  is zero a t  
the s i t e .  
Various t e s t s  of the method were made. The s ing le  bench was modeled. 
Random walk determined solut ions could be compared with the exact so lu t ion  of 
Lachenbruch (1969). Good agreement was not obtained due t o  the e f f e c t s  of 
elevated topography outs ide the perimeter of the model which is not w e l l  
accounted f o r  by the random walk method. The far topography could be e a s i l y  
and accurately accounted f o r  :.sing the je f f rcys '  technique. When the raxidom 
walk r e su l t s  were added to  t h i s  tho comparison v i t h  the exact so lu t ion  was 
perfect  e.3X estimation error)  with 18,000 walks . 
When the method was applied to the topographies of Eadley R i l l e  and 
Tau- Li t t row the r e su l t s  were i n  good agreement with the r e s u l t s  o: 
the Jef f reys '  approximation (see Table VI-A-1). 
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VI-0. LATERAL MEXN SURFACE TEMPERATURE VARIATIONS 
A s  we noted i n  Sect ion VI-A, topographic s l o p e s o n  themooncausevar ia t ions  i n  
s u r f a c e  temperatures t h a t  induce l o c a l i z e d  g r a d i e n t s  i n  near  s u r f a c e  l a y e r s .  
Changes i n  r a d i a t i v e  p r o p e r t i e s  of near  s u r f a c e  l a y e r s  con a l s o  cause  s u r f a c e  
temperature v a r i a t i o u s  on r l o c a l  s c a l e  which should be considered.  The most 
obvious source  of an anomalous r a d i a t i v e  material a r e  l a r g e  boulders exposed 
a t  t h e  s u r f a c e ,  which w i l l  i n  genera l  maintain d i f f e r e n i  mean temperature than 
t h e  surroundiab r e g o l i t h  because (1) t h e i r  g r e a t e r  thermal i n e r t i a  r e s u l t s  i n  
t h e  r e t e n t i o n  of more hea t  dur ing t h e  lunar  n i g h t ,  and (2)  t h e  conduc t iv i ty  of 
s o l i d  rock m a t e r i a l s  is l e s s  temperature dependent than the  s o i l  l a y e r s  so  t h a t  
only a small mean temperature g rad ien t  is induced i n  t h e  zone where d i u r n a l  
v a r i a t i o n s  a r e  s i g n i f i c a n t  . 
A t  both  the  Apollo 15 and 17 sites, very. l a r g e  mean temperature g rad ien t s  
wext observed i n  t h e  upper few cent imeters  of t h e  soi.1 due t o  t h e  predominance 
of r a d i a t i v e  hea t  t r a n s f e r  dur ing t h e  lunar  day. Temperatures at  a few cen t i -  
meters were 35-40°K higher  than t h e  mean s u r f a c e  temperature (Keihm and Langseth, 
1973). Since t h i s  inc rease  depends on t h e  r a t i o  of r a d i a t i v e  t r a n s f e r  t o  con- 
duc t ive  t r a n s f e r  ( see ,  f o r  example, Linsky, 1373) v a r i a t i o n s  i n  t h e  r a d i a t i v e  
p r o p e r t i e s  of t h e  upper p a r t  of t h e  s o i l  could induce s i g n i f i c a n t  l a t e r a l  
v a r i a t i o n s  i d  mean temperature ~t a depth  of about 10 cm, w e n  i f  t h e  mean 
s u r i a c a  temperature is unif  o m .  These subsurf ace  v a r i a t i o n s  w i l l  i n  t u r n  
induce l o c a l i z e d  g rad ien t  p e r t u r t a t i o n s .  
We have l i t t l e  d a t a  r e l a t e d  t o  t h e  p o s s i b l e  l a t e r a l  v a r i a t i o n s  of r a d i a t i v e  
p r o p e r t i e s  of t h e  r e g o l i t h  and must t o  a l a r g e  ex ten t  depend on i n d i r e c t  
evidence and i n t u i t i v e  arguments. 
The e f f e c t s  induced by l a t e r a l  s u r f a c e  temperature v a r i a t i o n  on g r a d i e n t s  
measured a t  depths of 1-2 m w i l l  depend on the  proximity of t h e  boundary between 
regions  of con t ras t ing  temperature and t h e  magnitude of t h e  c o n t r a s t .  The 
worst  case ,  a s  f a r  as geometry is :oncarzed, is  a c i r c a l a r  a r e a  centered over  
t h e  measurement s i t e ,  s i m i l a r  t o  the  model d iscussed f o r  the  as t ronau t  d i s t u r -  
banca i n  Ssc t ion  V. I n  Figure VI-8-1 we show tho g rad ien t s  induced a t  four  

d i f f e ren t  depths by a - l °K temperature anomaly i n  a c i r cu l a r  region a s  a 
fuact ion of radius of the c i r c l e .  Xotice t q a t  a t  each depth the disturbance 
goes through a maximum. A t  the Apollo measurement depths (0.5-2 m) the dis- 
turbance is maximum f o r  a boundary t h a t  is 1-3 m in radius.  As  the boundary 
moves fu r the r  away, the disturbance decreases rapidly. This i l l u s t r a t e s  tha t  
it  is pr inc ipa l ly  l oca l  va r i a t i ons  on the order  of a few meters t h a t  c r e a t e '  
appreciable disturbances.  
This mechanism o f f e r s  an a l t e r n a t i v e  explanation f o r  the  0.6°K/m gradient  
difference observed between the  t vo  probes a t  the Apollo 17 s i t e .  An anomalous 
temperature boundary a few meters from e i t h e r  of the probes which a r e  separated 
by 10 m v i t h  a cont ras t  of 24O is r ~ q v t - a d  based on the curves of Figure VI-0-1. 
The higher temperature would be required above probe 2. Extrapolation of sub- 
surface probe temperatures t o  the surface shows the surface over probe 2 t o  be 
1 /OK higher i f  we ignore the thermocouple measurements a t  65 an. 
Besides the e f f e c t s  of rocks mentioned e a r l i e r ,  recent c r a t e r s  a few 
meters of more in diameter may cause l a t e r a l  var ia t ions  i n  r ad i a t ive  proper t i ss  
Keihm, S.J. and M.G. Langseth (1973) Surface brightness temperatures a t  
the Apollo 17 heat-flow s i t e :  Thermal conductivity of the upper 15 
cm of regol i th .  Proc. Lunar Sci.  Conf. 4th,  p. 2503-2513 
Linsky, J.L. (1973) The moon a s  a proposed radiometric standard f o r  micro- 
wave and inf ra red  obsemations of extended sources. .lstrophys. J. 
Suppl, , v. 25, p.  163-204 
by disrupt ion and compaction of the  s o i l .  I n  general,  the astronauts  were qble 
t o  emplace the probes f a r  from obvious c r a t e r s  and surface boulders. However, 
the  e f f e c t s  on the  thermal proper t ies  of the near surface s o i l  l ayer  may remain 
long a f t e r  the surface expression of the event has become subdued. The i n a b i l i t y  
t o  exclude loca l  disturbances emphasizes the need f o r  fu r the r  da ta  which would 
tend to  smooth e f f e c t s  a t  a sca l e  of meters. C r i t i c a l  information can be 
obtained by remote sensing of in f ra red  and microwave rad ia t ion  from the lunar  
surface,  and the response of the  surface t o  the varying inso la t ion  function. 
Such observations can be made by earth-based telescopes but f a r  more valuable 
result;  could be obtained from a spacecraf t  i n  a low a l t i t u d e  o r b i t .  
SUFSURFACE CONDUCTIVITY CONTRASTS 
The disturbance of heat flow by topography can be estimated with good 
accuracy because i t  depends on parameters t h a t  a r e  observed. There a r e  o ther  
possible  disturbances due t o  the subeurface s t ruc tu re  of the outer  layers  of 
the  w o n  about which we have l i t t l e  d i r e c t  evidence. One such disturbance is 
caused by the  r e f r ac t ion  of heat  a t  s loping in te r faces  between bodies of d i f -  
fe ren t  thermal conductivity. Several inves t iga tors  have kxamined e f f e c t s  on 
the lunar surface heat  flow of conductivity structurrts based on geological 
models of mare basins o r  e j ec t a  blankets (Cone1 and Nortoa, 1975; ?Ifzutani 
and Osako, 1974). The r e s u l t s  of these model computations de?end on assigning 
thermal conduct ivi t ies  t o  geological u n i t s  such a s  mare basin f i l l ,  impact 
e j e c t a  blankets ,  and the regol i th  mater ial  
The ex i s t i ng  experimental da ta  show t h a t  the thermal conduct ivi t ies  of 
lunar rocks and disaggregate s o i l s  t h a t  compose the outer  layers  of the moon 
a r e  mainly control led by porosity.  In  Figure VI-C-1 da ta  for  lunar  rock 
samples and r ego l i t h  f i nes  a r e  p lo t ted  versus porosi ty .  A c l e a r  inverse 
r e l a t i on  between porosi ty  and conductivity is seen f o r  rock samples (Group I) 
and disaggregate r ego l i t h  f i nes  (Group 11). The two groups a r e  not described 
by a s ing le  r e l a t i on  between conductivrty and porosity.  For Group I samples 
the porosi ty  can hardly increase above 25% o r  e l s e  the rock would f a l l  apar t  
unless i t  i s  an extremely ves icu lar  pumice, o r  s imi la r  rock so t h a t  there  is 
prcbably a lower l i m i t  t o  the conductivity (about 1-2 r 10'~ W cm-' OK-') t h a t  
most rock samples can a t t a i n .  Mainlytheporosi ty  or  these samples depends on 
the extent  of f rac tur ing  of th, ,  o r ig ina l  glassy o r  c r y s t a l l i n e  matrix, and to  
a l e s s e r  extent  on the nature and composition of the matrix. Sample measure- 
ments show tha t  among the rock samples t he re  is very l i t t l e  d i f f e r en t i a t i on  
between basa l t  and breccia  samples. The cor re la t ion  of conductivity with 
porosity suggests t h a t  the conductivity s t ruc tu re  of a t  l e a s t  the upper 1 km 
of the moon depends on the h i s to ry  of impacts thai: have changed rock po ros i t i e s  
by f rac tur ing  and comminution, and the  extent  to which the f r ac tu re s  a r e  closed 
a t  depth a s  the compressive load increases .  
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i 1 Published conduct ivi ty  values  of lunar  mate r ia l s  vs. poros i ty .  For 
i l abora to ry  measurements, values  a t  300°K a r e  shown a s  p o i n t s  i n  t h e  
p l o t .  The doubly hatched box is the  range of i n  s i t u  values  de te r -  
i I i  mined from nightt ime cooldown d a t a  (Keihm and Langseth, 1973) and the  s i n g l y  hatched boxes a r e  the  r e s u l t s  repor ted i n  t h i s  paper. 
I Rock d a t a  a r e  summarized i n  Horai and Winkler (1976) and s o i l  d a t a  - i n  Crerners and Hsia (1973) 1. 
! - Figure VI-C-1 
In  Group I1 samples the inverse cor re la t ion  of conductivity with porosi ty  
r e s u l t s  from the smaller number of intergranular  contacts  i n  lower dens i ty  mater ial .  
Tha drive-tube samples show the densi ty  of r ego l i t h  mater ials  increases  rapidly 
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downward reaching dens i t i e s  of 1.8 - 2.0 g/cm (Carr ier ,  1974) below 20 cm. 
In te rpre ta t ions  of cooldown of the  surface during lunar  night  a l so  ind ica te  a 
rapid increase in conductfvlty with depth i n  the  upper 10 cm (Keihm and Langseth; 
1973). Values a t  10-15 cm a r e  similar t o  those we have deduced from analys is  
of long-term variat ion8 presented hare. The s o i l a  a t  depths grea te r  than 20 cm 
a r e  near t h e i r  maximumattainabledensity and, therefore,  near the maximum a t t a inab le  
conductivity f o r  Croup 11 samples. The observed p r o f i l e  of conductivity i n  the 
r ego l i t h  is no doubt determined by the impact h i s to ry  of p a r t i c l e s  of a few 
grams and l e s s .  The zone of rapid t r ans i t i on  from low t o  higher conductivity 
corresponds to  the depth where the ne t  e f f e c t s  of impacts change from dis rupt ive  
t o  compactive processes. Because the porosi ty  p r o f i l e  and consequently the 
conductivity p ro f i l e  depend on the random impacts t h a t  have s t ruck  within a 
given area many times, the conductivity p r o f i l e  in f l a t  regions of the w o n  
should be uniform l a t e r a l l y ,  except near recent la rge  c ra t e r s .  
' 
The seismic ve loc i ty  s t r u c t u r e  of the upper 1 km of - t h e  lunar  surface 
has been defined by seismic re f rac t ion  p r o f i l e s  made at three  of the landing 
s i t e s .  These r e s u l t s  show the acoust ic  ve loc i ty  s t ruc tu re  a t  a l l  s i t e s  is very 
s imi l a r  t o  a depth of about 75 m. Cooper e t  a l .  (19?4) give a comprehensive 
suuanary of these r e su l t s .  Figure VI-C-2 shows the P-wave ve loc i ty  s t ruc tu re  
reported a t  Taurus Littrow. Very low v e l o c i t i e s  of about 100 d s e c  character ize 
the r ego l i t h  layers.  This ve loc i ty  varied very l i t t l e  between the s i t e s  although 
the thicknesses of the layers  a t  Apollo 14 and 16 s i t e s  a r e  grea te r  than a t  the 
Apollo 1 7  s i t e .  The v e l o c i t i e s  of underlying layers  range from 250 t o  350 m/sec. 
Only the Apollo 17 seismic experiment defined s t ruc tu re  deeper than 100 m. 
The ve loc i t i e s  to  1400 m a r e  low compar2d t o  lunar rock samples, ind ica t ing  t h a t  
the mater ia l s  a r e  highly fractured o r  a r e  rocky layers  interbedded with low- 
veloci ty  mater ials ,  even though the t raverse  gravimeter experiment (Talwani e t  
3 
a l . ,  1973) suggests these layers  have high dens i t i e s  (3.3 - 3.5 glcm 1. The 
seismic r e s u l t s  support the evidence tha t  the extent  of f rac tur ing  and connni- 
nution of near-surface mater ials  determines t t e  seismic ve loc i ty  s t ruc ture .  
These fac tors ,  which depend on the impact h i s to ry  of an a rea ,  a l so  cont ro l  the 
conductivity s t ruc ture .  

By assuming t h a t  the ve loc i ty  cont ras t  a t  30 m in Figure VI-C-2a 
corresponds t o  the in te r face  between primarily disaggregate aiater ials  (Group 
11) aad fractured but  e s sen t i a l l y  i n t a c t  rocky l aye r s  (Croup I) we have e s t i -  
mated ranger of bulk conductivity,showa in Figure VI-C-2b a n d c , a r e  shown 
bracketing temperature p ro f i l e s  corresponding t o  a unifo'rm v e r t i c a l  heat flow 
2 of 1.6 pW/cm . 
The laboratory and in s i t u  measureaents of the physical propert ies  of lunar  
surface mater ials ,  though s t i l l  very few, i nd ica t e  t ha t  the  conductivity s t ruc-  
t u re  of the  upper 1 km of the  moon is l a t e r a l l y  rmifom a t  a regional  s ca l e  in 
l e v e l  areas .  Consequentljr, large-scale near-surf ace conductivity contrar  ts tha t  
a r e  s teeply  sloping a r e  unl ikely t o  occur even a t  the margins of major geo- 
l og ica l  provinces. A t  depths below 1 km the  lover  porosi ty  w i l l  r e s u l t  i n  con- 
duc t iv i ty  cont ras t s  between rock types such a s  anor thos i te  and basa l t .  How- 
ever ,  these contrast8 a r e  small and their r e f r ac t ive  e f f e c t s  on surface heat 
flow w i l l  be muted by the overlying more uniform,blanket of lower porosi ty  
mater ial .  Suggestions t h a t  the hea t  flow a t  Apollo 15 and 17 may be anomalously 
high by a f ac to r  of two o r  mare because they a r e  amde a t  the edge of f i l l e d  
c i r c u l a r  basins  a r e  not supported by ex i s t i ng  data.  
Although evidence suggests t h a t  a t  a regional  s ca l e  the physical properties '  
s t ruc tu re  of the upper 1 km is uniform over l eve l  regions of the moon, la rge  
physical propert ies  cont ras t  can occur a t  the s ca l e  of severa l  meters. The 
la rge  boulders s ca t t e r ed  over the surface a t  a l l  landing s i t e s  c l ea r ly  a t t e s t  
t o  t h i s .  One cannot exclude a f i n i t e  probabi l i ty  t h a t  measurements ruade to  
depths o t  2 m a r e  disturbed by r e f r ac t ion  e f f e c t s  of such l o c a l  heterogenei t ies .  
The change in heat flw with depth obserped a t  probe 2 a t  Taurus Littrow no 
doubt r e s u l t s  from such a l o c a l  e f f ec t .  although i t  is  not necessar i ly  due t o  
conductivity cont ra r t s .  
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VI-0. COMPARISON WITH MICROWAVE OBSERVATIONS 
It has long been real ized t h a t  the opaci ty of the  1un.r s u r f i c i a l  mater ial  
t o  electromagnetic wwes decreases with i n c r e ~ s i n g  wavelength. Thus, whereas 
observations of the moon's in f ra red  emission indicated surface temperature 
var ia t ions ,  observations a t  longer wavelengths (in the  mil l imeter  and microwave 
spec t r a l  region) yielded information r e l a t ed  t o  the  subsurfrce temperature pro- 
f i l e .  The prinurp d i f f i c u l t y  in in t e rp re t ing  the microwave rrsults l ay  within 
the  problem of the  interdependence of t he  t h e m 1  and e l e c t r i c a l  propert ies  and 
t h e i r  possible  var iat ion with depth and temperature. Additionally,  moss of the 
observations have been subject  to  la rge  e r ro r s  i n  absolute  ca l ib ra t ion  r e su l t i ng  
in large s c a t t e r  among a11 of the data.  
In  the absence of more de f in i t i ve  information of the  physical propert ies  
of the s u r f i c i a l  mater ial ,  the  standard procedure f o r  i n t e rp re t ing  microwave 
observations has been the  following: Assuming a l oca l ly  plane p a r a l l e l  semi- 
i n f i n i t e  medium, the electromagnetic energy f lux  (expressed i n  tenns of br ightness  
temperature), leaving the  surface a t  angle Be r e l a t i v e  t o  the local. normal, is 
expressed in the form 
2 
Q) ~ I C  (zqT)sec 5 dz' 
Tb(A, t,Be) = [l-R(p,Be)lsecei I *  (2.T) x T ( z , t ) e  - o x  d.2 , ( V I  4-11 
0 
where Tb (A ,  t . Be) the equivalent brightness temperature expressed a s  a f u x t i o n  
of the wavelength A. t h e  of lunat ion t ,  and the emerging angle 8.; R(p,Le) is 
the  in t ens i ty  r e f l ec t ion  coe f f i c i en t  dependent on the  s t a t e  of po lar iza t ion  p ,  and 
ee; Bi is the  angle a t  which the obsewed rad ia t ion  impingea oa the surface from 
below and is re l a t ed  t o  ee by Sne l l ' s  law; t ~ ~ ( 2 . T )  is the power a t tenuat ion  
coef f ic ien t  expressed a s  a function of depth z and temperature T. 
Equation (VI-D-1) is a general izat ion of the equation given by Piddington and 
Xixinett, 1949. The Rayhigh-Jeans approximstion is assumed va l id  f o r  the lunar  
s i t u a t i o n  a t  microwave fruqaancies. Equation VI-D-1 a l so  aasumes t h a t  the 
at tenuat ion coef f ic ien t  rA, is purely absorptive with no . sca t te r ing  component 
and does not taka i n t o  account the poss ib i l i t y  of ray-path bending due t o  possible  
inhomogeneities i n  the r ego l i t h  material .  Additionally,  Equation VI-D-1 y ie lds  
the e q u i v a l e ~ t  brightness temperature t ha t  would be obaerved by an antenna beam 
su f f i c i en t ly  narrow so t h a t  the surface area included i n  the beam is small enough 
t o  be considered planar. In  ac tua l i t y ,  the  observations a r e  nude with antenna 
beam widths vhich necersar i ly  average the rad ia t ion  over a l a rge  portion of the 
luaar disk including a range of margent  angles. 
A t  longer wavelengths, the e n t i r e  d i sk  cont r ibu tes  t o  the obrerved radiat ion.  
Krotikov (1963) has derivcrd a formula t o  convert d i sk  center  brightness temperature 
t o  d i rk  average temperatures assmirrg homogeneous r ego l i t h  propert ies .  The 
conversion formula is p r h a r i l y  a fuuction of the  r e a l  part of the  d i e l a c t r i c  
constant. For wavelengtht less than 3 cm, many of the observations have bean 
made f o r  the d isk  center ;  i . s , t h e  antenna beam width a r e  smaller than the disk. 
Because the in t ens i ty  contr ibut ion away from the disk center  va r i e s  according t o  
a c o s h e  l a w ,  the predominant contr ibut ion f o r  such observations comes from the 
area near d i sk  centar.  Thus, these observations can be compared d i re<t ly  with 
l i t t l e  l o s s  of information t o  t heo re t i ca l  models governed by Equation VI-D-1 
with 8. - ei - 0 
Because of the ~ . ~ e r a g i a g  character  of the observations and the inherent 
accuracy l imi ta t ions  of the remote measurements, Equation VI-D-1 has been used 
mainly i n  the s implif ied form in which the lunar  r ego l i t h  propert ies  a r e  assumed 
homogeneous i n  depth and indapandent of temperature. The assumption of homogeneity 
allows the temperature p r o f i l e  T(z, t )  t o  be expressed a s  a Fourier time s e r i e s  
in tenns of the harmonic amplitudes of the surface temperature va r i a t i on  and the 
tharmal a t  renuation coef f iciennr f o r  each of n harmonics, Bn- [nwpc/2r ] 'I2, where 
cr; is the lunation fraqurncy and P ,  c ,  and K a r e  respect ively the densi ty ,  spec i f i c  
hea t ,  aud t h e m 1  conductivity of the mater ial  (Cazslaw and Jaeger,  1959, p. 63- 
70). Equation VI-D-1 can then be solved f o r  the Fourier components of the lunation 
brighmesa temperature var ia t ion  (Muhlemnn, 1972). The resu l tan t  br ightness  
temperature rnrplitude components a r e  r e l a t ed  t o  the surface temperature com- 
ponents through the empirical p a r m t e r  6n - Bn/cA , the r a t i o  of the  thermal 
t o  e l e c t r i c l l  a t tenuat ion coef f ic ien t  f o r  the nth harmonic: 
where Tbn ( 1  is the nth component of t h e  obserrable brightness temperature a t  
d i sk  centar  and Tn is the nth component of the surface temperature diurnal  
var ia t ion  a t  d i sk  center .  
The microwave obrervations have been analyzed i n  terms of a mean temperature 
and the amplitude and phaar s h i f t  of the fundamental frequency. The standard 
procedure has been t o  derive the fundamental parameter, 6i = ( w t ~ l 2 k ) ~ ' ~ l r ~ ,  from 
the observatluns of Tbo/Tbl, which is the  r a t i o  of the mean t o  the aapl i tude  of 
t1.a f i r s t  harmonic: 
The r a t i o  Tbo/T b l  can be d e t e n i n e d  d i r e c t l y  from the observations'with 
inaccuracies due t o  ca l ib ra t ion  e r ro r s  minimized. The only scurces of data  f a r  
the mean t o  f i r s t  harmonic r a t i o  of surface temperature p ~ i o r  to  the lunar 
missions were the inf ra red  observations during lunar night.  Daytlme surface 
temperature var ia t ions  a r e  control led mainly by the s o l a r  inso la t ion ,  surface 
topography and the r ad i a t ive  propert ies  of the surface. Troitsky, 1965, adopted 
a value of - 2. OX based on mersutements between 0.1 and 3.2 cm and a value of 
To/Tl 1 1.5. Corrections f o r  moonwide averaging e f f e c t s  usrrr applied. 
The in t e rp re t a t ion  of the empirical parameter 61, i:~ t e r m  of e l e c t r i c a l  
propert ies  of the s u r f i c i a l  mater ial  calnot  be done unambiguously without an 
independent determination of the thermal propert ies .  P r io r  t o  the more d e f i n i t i v e  
measurements of the thermal propert ies  from the Apollo missions, in f ra red  obser- 
vat ions of ec l ip se  and lunat ion cooling curves were the primary source of thermal 
property information. The cont ro l l ing  parameter fo r  the cooling curves is 
Y - ( w e )  -112 (see,, f o r  example, Jaeger ,1953) . 
It was found t h a t  the ec l ip se  da ta  control led by propert ies  of the upper 
few centimeters a t  most, required a value of y much higher than the lunat ion 
cooldoun data  which, because of its longer durat ion,  re f lec ted  thermal propert ies  
2 from deeper l a y ~ r s  down t o  about 20 cm. Values i n  the range y = 250-350 (cm K 
w s c 2  characterized the ec l ip se  measurements and y = 100-200 characterized 
the lunation nighttime curve. Select ion of an appropriate t5erma1 parameter y ,  
based on the indrared observations,  then permitted an independent determination 
of the thermal absorption length once values fo r  (, and c v e r e  e s ~ i m a t e d  from 
other  Fnfonnrtion 
telescopic obsematfons reveal that a1mos.t no variation In the mtcro- 
wave brightness temperature of the lunar disk can be detected at wavelengths 
beyond about 5 em. If one, therefore, assumes that the electrical attenuation 
coefficient is independent of depth for the effective emitting layers correspon- 
ding to A > 5 an, and that the thermal conductivity k, is uniform in depth m d  
independent of temperature for these same layers, the disk center brightness 
temperature as a function of wavelength can be writte.. from Equation VI-D-1 
as 
where q is the heat flow from the interior and q/k the uniform temperature 
gradient. The integral is elementary and yields 
If we now assume that the reflection coefficient (or equivalently, the 
real part of the dielectric constant for the lunar situation) is independent 
of wavelength, we can writ2 the spectral gradient directly by differentiating 
(VI-D-6) 
For the conditions known to exist in the lunar regolith, and if we neglect 
scattering, it can be shown (lfuhleman, 1972) that the electromagnetic absorption 
length may be written in the form 
where t: - the real part of the relative dielectric constant aid tan A =  ~ U / E V  
is the loss tangent expressed in terms of the dielectric constant E , and the 
electrical conductivity U at frequency v. 
The form of Equation (TI-D-a), together with the assumption that tan A be 
independent of wavelength (i.e., a proportional to v), has actually already been 
t i t i l l z e d  i n  the  assumption t h a t  6 is d i r e c t l y  p ropor t iona l  t o  the  wavelength. 1 
Incorporat ing Equation (VI-D-8) i n t o  (VI-D-7) y i e l d s  t h e  heat  flow directSy:  
where el - $2110~'~ t a u  A) is assumed wavelength independent. The s p e c t r a l  
g rad ien t ,  6Tb16A, can be computed d i r e c t l y  from t h e  observat ions  a t  d i f f e r e n t  
wavelengths. Then, by us ing va lues  of k and cl deduced by methods descr ibed 
previously  and an R(p) value  based on radar  s t u d i e s ,  an expected value  of t h e  
heat  flow can be ca lcu la ted .  
It is t o  be noted t h a t  independent deductions of t h e  cons tan t  cl  and t h e  
thermal conduc t iv i ty  k could only be made from remote observat ions  of t h e  i n f r a -  
red and s h o r t  cent imeter  emissions which y i e l d  information c h a r a c t e r i z i n g  only  
t h e  upper 'L 20 cm of t h e  l u n a r  r e g o l i t h .  Thus p r i o r  t o  t h e  lunar  landing miss ions ,  
e x t r a p o l a t i o n  of near  s u r f a c e  p r o p e r t i e s  t o  t h e  g r e a t e r  depths  was required f o r  
heat  flow determinat ions  t o  be made. For example, Baldwin(l961) es t imated an 
-6 ' upper l i m i t  o f  q = 1.0  x 10 W cm' based on a homogeneous thermal model proposed 
by Jaeger  (1953), a der ived lower limit of the  e l e c t r i c a l  absorp t ion  l eng th  llX, 
and a b r igh tness  temperature measurement a t  168 cm. Russian i n v e s t i g a t o r s ,  using 
a new c a l i b r a t i o n  technique c a l l e d  t h e  ' a r t i f i c i a l  moon' method, made a s e r i e s  of 
high p rec i s ion  observat ions  a t  wavelengths between 0.4 and 30 cm i n  1961 through 
1964 a t  t h e  Radiophysics Research I n s t i t u t e  (NIRFI) i n  t h e  Soviet  Union. Tikhon- 
ovs  and Tro i t sky  (1969), p o s t u l a t i n g  two l a y e r  models with a high d e n s i t y ,  high 
conduct ivi ty  rock l a y e r  o v e r l a i n  by a l e s s  dense, l e s s  conductive r e g o l i t h ,  and 
using thermal and e l e c t r i c a l  m a t e r i a l  p r o p e r t i e s  deduced from the  i n f r a r e d  and 
s h o r t  cent imeter  (0.1 < X < 3.2 cm) observat ions ,  es t imated a lunar  hea t  flow 
2 in the  range 2 .7  -4.6 x 1 0 - ~ ~ / c m  based on NIWI observat ions .  Addi t iona l ly ,  
they suggested t h a t  a r e g o l i t h  l a y e r  th ickness  between 3 and 1 3  m b e s t  f i t  
observat ions  of a decreas ing s p e c t r a l  g rad ien t  f o r  X >30 cm. 
Observations made wi th  t h e  Arecibo rad io  t e lescope  i n  1969 suggest  t h e  
p o s s i b i l i t y  chat  a t  wavelengths between 69.8 and 406.5 cm the  s p e c t r a l  g rad ien t  
may be negat ive ,  i . e . ,  t h e  observed b r igh tness  temperature decreases  wi th  
waveler,gth. However, t h e  c a l i b r a t i o n  d i f f i c u l t i e s  Involved i n  the  d e t e c t i o n  of 
lunar  thermal emissions a t  these  long wavelengths make any s t r o n g  r e l i a n c e  on 
these  d a t a  extramely dubious. This point  w i l l  be exmined  i n  more d e t a i l .  
Nevertheless,  Sal ibury and ~ e r n a l d  (1971) assuming a power absorpt ion l eng th  of 
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&,- LO 1 , and accept ing the  obsarved nega t ive  s p e c t r a l  g r a d i e n t  a s  r e a l ,  ssti- 
mated a thermal temperature $ rad ian t  o f  - 1 / 3  Ib f o r  depths corresponding t o  the  
obsa rva t ion  wavelength rmiss ions .  They i n t e r p r e t e d  t h i s  r e s u l t  i n  terms of h a r t  
r scap ing  t h e  moon not  by thermal conduction,  but by t h e  t r a n s p i r r t i u n  of v o l s t i l e ~  
from t h e  l u n a r  i n t e r i o r  through t h e  porous s u r f a c e  a a c e r l a l .  We p o s t u l a t e  t h a t ,  
i f  the  nega t ive  s p e c t r a l  g rad ien t  is r e a l ,  i t  is not  p ro&~ced  by 8 nega t ive  
thermal g r a d i s a t ,  but  by t h a  p rocesses  of s c s t t r r l n g  from d e b r i s  l a y e r s  t e n s  of 
meters below the  su r faca .  Only t h e  near  l i n e a r  por t ion  of cha b r i g h t n e s s  
temperature spectrum (5 1 €25 cm) co:. b r  u t i l i z e d  i n  tha  determinat ion of the  
lunar  haa t  flow. Obssrvations a t  longer  wavelangths a r e  most va luab le  i n  the  
i n t e r p r e t a t i o n  of the  s c n r c t u r e  o f  t h e  deeper s u r f a c e  l a y e r s .  
E l e c t r i c a l  A b s o ~ p t i o n  Lanyth -------- ------ -- 
I n  Figure VI-D-1. d a t a  a r e  shown f o r  t h e  p a r ~ m e t c r  L A / \  f a r  a number of 
d i f  f a r e n t  wavelengths batvaan 0 . 1  and 68 cm. The d a t a  o f  Adc st a l .  (1971) . 
corraspond t o  a d e n s i t y  of 9- 1.25. The d a t a  of Clegg a t  sl. (1972) arc f o r  
a d e n s i t y  oZ g - 1.18. The va lues  a t  \- 0.5, 1.25, and 3.2 cm were c a l c u l a t e d  
from Equation V I - P Y  using t h e  d a t a  of Bassa t t  and Shackalford i13iZ) f o r  t h e  
d i e l e c t r i c  cons tan t  st 3- 1.8 and s r c p o r t r d  value  of  t an  A- 0.313. Tha span 
of absorp t ion  l eng ths  a t  65 cm ware taken from the  d a t a  of Gdld e t  a l .  (1073) a t  
3 a d e n s i t y  of 2.0 d/cm . t h e  p a r t i c u l a r  d a n s i t i r s  chosen correspond t o  the  a s c i -  
mated d e n s i t i s s  a t  the  depths  of tne  primary ami t t iny  l a y e r s  t o r  a given vavc- 
length .  I t  can be seen from Figure VI-D-1 t h a t  the v a l i d i t y  of Equation VI-D-d 
assuming a n e a r l y  cons tan t  value  of i over  the  ra lavan t  w a v c l r n ~ t h  range,  
r e q u i r e s  a wavelength dependence of the  l o s s  tangent with a v a r i a t i o n  s f  tan  A- 
0.040 a t  \ - 0.1  a n  t o  t a n  A - 0.002 rt X- 08 cm. Such a ddcrsasa  i n  t a n  A 
with  wavelangth is not  expected based on measurements of dry  d i e l e c t r i c  m a t e r i a l s  
which a r a  c h a r a c t e r i z e d  by a nea r ly  frequency independent l o s s  t sngent  f o r  f r a -  
3 
quancias above 10 Hz (Strangway, 1969). h l d  a t  a l .  (1973) have pointed ou t  
t h a t  rvea very s l i g h t  atmosphere contamination may s i g n i f i c a n t l y  inc rease  t h e  
l o s s e s  f o r  a given sample measuremant. Such sontaminatton could be respons ib ic  
f o r  t h e  low absorp t ion  l eng ths  measured a t  the n i l l i m e t r r  and s h o r t  s a n t i m e t r r  
wavelengths. Clcgg a t  dl. (1972) p o s t u l a t e  t h a t  s c a t t e r i n g  pracauses nay Sa 
respons ib le  f o r  the  absorp t ion  behavior a t  che mi l l ime ta r  wavelengths. LLnskv 
(L973) p o i n t s  o u t  t h a t ,  a t  m i l l i m e t e r  wavelengths, one may ba see ing  the  low 
frequency t a i l  of Par i n f r a r a d  resonances and chus s frequancv dependence of the  
Ratio of  t h e  amplitude of v a r i a t i o n  t o  the  mean b r igh tness  temperature over  a 
luna t ion  vs  wavelength. The curves 1-7 a r e  r e s u l t s  of t h e o r e t i c a l  c a l c u l a t i o n s  
based on Apollo 15  thermal p r o p e r t i e s  and 7 d i f f e r e n t  d i e l e c t r i c  p roper ty  pro- 
f i l e s .  1 )  d a t a  of Bassetc  and Shackelford (1972). 2) LA = A , 3)  tA = 3 A , 
4) 0 ~  = 8 A 5 )  0  = 12  A .  Curves l a  used t h e  r e s u l t s  of  Ade e t  a l . ,  1971 
and l b  t h e  r e s u l t s  of Clegg e t  a1. (1972) f o r  A = 0 .1  - 0.2. 
Figure VI-D-2 
absorpt ion length .  It w i l l  be shown t h a t  t h e  absorpt ion behavior shown i n  
Figure VI-D-1 f ~ ~ s  t h e  remote observat ions  q u i t e  we l l .  R e l a t i v e l y  low absorp- 
t i o n  l eng ths  a r e  required t o  f i t  t h e  0.1 - 3.2 cm o b s e r v , ~ t i o n s  and s i g n i f i c a n t i y  
h igher  absorp t ion  l eng ths ,  nea r  those  measured by Gold and coworkers, a r e  required 
t o  f i t  t h e  5-25 cm wavelength emission observat ions .  
C o r q a t i b i l i t y  of t h e  Neasured Physical  P r o ~ e r t i e s  and t h e  0 .1  t o  3.2 cm Remote ---- - --I_-- ------ ............................... 
Observations -------- 
Mill imater  and cent imeter  microwave emissions o r i g i n a t e  i n  t h e  upper few 
cent imeters  of t h e  l u n a r  s u r f a c e  m a t e r i a l  where t h e  thermal and e l e c t r i c a l  
p r o p e r t i e s  vary s i g n i f i c a n t l y  wi th  depth and t h e r e  a r e  l a r g e  temperature f luc tu -  
a t i o n s  dur ing t h e  l u n a t i o a  cycle .  Therefore cons tan t  proper ty  models cannot be 
used and Equation (VI-D-1) must be solved numerically,  us ing phys ica l  proper ty  
z e l a t i o n s h i p s  der ived from t h e  a v a i l a b l e  da ta .  To o b t a i n  t h e  temperature p r o f i l e  
T(z) , a s  a func t ion  of time of l u n a t i o n ,  t h e  h e a t  conduction equat ion was solved,  
us ing t h e  d e n s i t y  and thermal conduc t iv i ty  p r o f i l e s  deduced f o r  t h e  Apollo 1 5  
h e a t  flow s i t e .  The func t iona l  r e l a t i o n s h i p  between %A and d e n s l t y  was taken 
from a l i n e a r  f i t  t o  t h e  c a l c u l a t e d  va lues  of h v s  d e n s i t y  based on t h e  
d a t a  of Basse t t  and Shackelford (1972). From these  d a t a  we der ive  
The curves shown in Figure VI-D-2 of the  r a t i o  of t h e  fundamental amplitude 
t o  t h e  m a n  T. /T a s  a func t ion  of wavelength r e s u l t  from t h e  numerical ~1 bo' 
s o l u t i o n  of Equation (VI-D-1) wi th  Qi = Be = 0. The observa t iona l  d a t a  po in t s  
a r e  taken from t h e  review paper of Hagfors (1970). The comparison with d i s k  
c e n t e r  observat ions  is q u i t e  good, consider ing t h e  s c a t t e r  i n  t h e  da ta .  The 
f i t  f o r  t h e  s h o r t  mi l l imete r  wavelengths can be improved by incorpora t ing  t h e  
d a t a  of Ade e t  a l .  (1971) o r  ~ l e g g  e t  a l .  (1972), f o r  X = 0 .1  - 0.2 cm i n t o  
t h e  numerical s o l u t i o n  of Equation (VI -PI )  ( s e e  curves 2 ,3  i n  Figure VI-D-2). 
Curves 4-7 r e s u l t  from e l e c t r i c a l  proper ty  models i n  which does not vary 
wi th  depth (dens i ty )  and a r e  shown t o  i l l u s t r a t e  s e n s i t i v i t y  t o  the  T /T 
b l  bo 
r a t i o  of t h e  e l e c t r i c a l  absorpt ion length .  
Shown i n  Figure VI-D-3 a r e  the  curves using t h e  same iA/A func t ions  of 
d e n s i t y  but  incorporat ing t h e  thermal conduc t iv i ty  and d e n s i t y  p r o f i l e  der ived 
f o r  the  Apollo 17 hea t  flow s i t e .  It can be seen t h a t  the  agreement is s t i l l  
good, al though t h e  higher  T /T va lues  obtained a t  t h e  longer  wavelengths 
b l  bo 
The same data  as  shown i n  Figure VI-D-2 a r e  compared with t h e o r e t i c a l  models based on 
.the deduced Apollo 17  thermal propert i e s  p r o f i l e  t rans la ted  to O0 l a t i t u d e .  S o l i d  
curves 1-4 u t i l i z e  the same e l e c t r i c a 1 . p r o p e r t i e s  a s  models 1, l a  and b and 4 o f  
Figure VI-D-2. 1 
imply t h a t  s l i g h t l y  
observat ional  data .  
longer absorp t ion  l eng ths  a r e  requ i red  t o  beat  f i t  the  
I n  f a c t ,  model 4 f i t s  t h e  observat ions  b e s t  us ing the  
a , / A  - 8.0 f o r  0.5 ( 2 3.2, a va lue  only s l i g h t l y  h igher  than t h e  va lues  
of EI/X obtained from Basse t t  and Shackelford 's  da ta .  The f a c t  t h a t  t h e  
thermal p r o p e r t i e s  der ived from in s i t u  d a t a  and t h e  e l e c t r i c a l  absorpt ion 
l eng ths  measured f o r  re turned l u n a r  samples produce good agreement wi th  the  
0.1 t o  3.2 cm microwave d a t a  l ends  s t r o n g  support  t o  the  represen ta t iveness  
of these  phys ica l  proper ty  determinat ions  f o r  a l a r g e  p o r t i o n  of t h e  lunar  
s u r f a c e  t o  depths of 10-20 cm. 
The 5-500 cm Emission Spectrum. Heat Flow Deductions and t h e  Hean D e ~ t h  of ------------- ------------------------------------- ----- 
The Lunar Regol i th  --------- ---- 
Diurnal v a r i a t i o n s  i n  microwave emission f o r  X >5 an a r e  very d i f f i c u l t  
t o  d e t e c t .  This indicat t t s  t h a t  t h e  primary emi t t ing  l a y e r s  f o r  wavelengths 
g r e a t e r  than 5 cm l i e  below t h e  depths  a t  which s u b s t a n t i a l  d i u r n a l  v a r i a t i o n s  
and mean temperature changes due t o  the  temperature dependence of the  thermal 
conduct ivi ty  a r e  f e l t .  The subsequent i n c r e a s e  i n  b r i g h t n e s s  temperature wi th  
wavelength up t o  X n 30-50 cm is thus due t o  t h e  s teady s t a t e  thermal g rad ien t  
i n  t h e  lunar  r e g o l i r h .  
Table VI-P1 shows t n e  observat ions  upon which our  deduct ions  w i l l  be 
based. The d a t a  up t o  70 cm wavelength is based on t h e  a r t i f i c a l  moon techni-  
que. The observat ions  a t  69.8 cm and t h r e e  longer  wavelengths were made a t  
Arecibo by Sa l i sbury  and Fernald (1971). The s t a t e d  accuracy of t h e  Arecibo 
d a t a  is highly  quest ionable .  Problems of a b s o l u t e  c a l i b r a t i o n  and s u b s t a n t i a l  
sky background have discouraged most radio  astronomers from at tempt ing seasu- 
rements of t h e  lunar  thermal emission a t  wavelengths beyond 70 cm. The Arecibo 
d a t a  a r e  included only a s  t ang ib le  evidence f o r  t h e  p o s s i b i l i t y  of a negat ive  
s p e c t r a l  g rad ien t  e x i s t i n g  a t  meter wavelengths. 
The primary inferences  drawn here  depend only  on t h e  r e l i a b i l i t y  of t h e  
Soviet  data .  The Soviet  measurements represen t  t h e  only observat ions  made a t  a 
number of differentvavelengthsinthemicrowavebandusing a c o n s i s t e n t c a l i b r a t i o n  
method. The Soviet  d a t a  agree q u i t e  we l l ,  i n  abso lu te  temperature l e v e l s ,  with 
models baaed on i n  s i t u  thermal proper ty  determinat ions  and measured subsurface  
te.<>:srature l e v e l s ,  e m e c i a l l y  when the  l a r g e  s c a t t e r  among o t h e r  observat ions  
is considered. I t  must be pointed o u t ,  however t h a t  the importance of observed 
b r igh tness  temperaturemeasurements t o  in fe rencesof  g l o b a l h e a t  flow and physical  
TABU VI-D-1. Lunar Disk Average Brightness Temperature Observations at Wave- 
lengthr Batween 3 and 500 cm 
Wavelength Brightnesr/Temperature Error estimate 
(-1 (a (K) 
structure of the upper crust lies t n  the change of brtghtness temperature with 
wavelength. 73e s?ectrql grad*ent between 5 aad ZQ ca wavelengths, upon whfch 
any inferences regarding global heat flow must be based, cannot be considered 
definitively accurate from a statistical viewpoint because of the short range 
of wavelengths relative to the absolute temperature uncertainties (see Table 
VI-D-1). In thij regard, conclusions drawn of lunar global heat flow must be 
considered tentative until additional, more refined measurzments can be made. 
Inferences drawn regarding the average depth of the lunar regolith layer 
depend on the turnover in the spectral gradient between 30 and 70 cm wavelength 
suggeated by the Russian data. The sharpness or precise location of the jpectral 
peak is not as important to the implication of regolith thickness as the accuracy 
of the 5-20 cm spectral gradient is to the estimates of global heat flow. 
Because of the scatter in the four longest Russian obeetvations, a more precise 
poeitioning of the spectral peak cannot be made, and only a range of feasible 
regolith thicknerr can be estimated. 
L U N A R  S U R F A C P  
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4.5 SOIL 
r Y t 
A schematic drawing of the multilayared models of the upper 
lunar cruat. Tha designated physical properties are based 
on lunar i n  s i t u  experiments and measurements on returned Figure VL-D-4 
lunar . . . samples. 
Two fea tures  of the Russian data  stand out. The near l i n e a r  increase i n  
brightness tamperaturr with wavelength between 5 and 20 cm (see expanded sca l e  
of Figure VI-D-5) is consis tent  with a homogeneous r ego l i t h  over the depth range 
from which the 5-20 cm waves or ig ina te .  I f  r ego l i t h  homogeneity were maintained 
t o  depths on the order  of 100 m, a continuation of a l i n e a r  emission spectrum 
t o  meter wavelengths would be expected. The observations,  however, ind ica te  a 
f l a t t en ing  of the d s s i o n  curve beyond 20 cm followed by a possible  decrease 
in brightness  temperature a t  longer wavelengths. One explanation f o r  a f l a t t e n i n g  
of the d s s i o n  cume is the poss ib i l i t y  of increasing limb darkening e f f e c t s  at 
longer wavelengths. If the r ego l i t h  densi ty  increased s ign i f i can t ly  over depths 
relevant  to  the 5-30 cm rego l i t h  mater ial  reaches a s t a t e  of near max.Cmum com- 
paction within the upper 10-30 cm of the surface, lending support t o  the assump- 
t i on  of uniformity with dcpth f o r  a l l  but the very near surface mater ial  of the 
r ego l i t h  (c f .  Car r ie r  e t  01. .(1973)). Also, the  them11 conductivity measure- 
ments a t  depths i n  the range 91-233 cm a t  the Apollo U and 17 s i t e s  shoved only 
a s l i g h t  trend toward higher conduct ivi t ies  a t  g rea te r  depths Gangseth e t  a l . ,  
1973). Most of the va r i a t i on  w a s  more l i k e l y  due t o  the presence of centimeter 
s i z e  rock fragments a t  d i f f e r en t  locat ions along the heat flow probes. Such 
d l  fragments would only negl igibly a f f e c t  the propagation of the  loslger wave- 
length emissions. 
It should be pointed out t ha t  the seismic da ta  (Kovach and Watkins, 1973) 
ind ica te  t ha t  no widespread s o l i d  rock layers  e x i s t  within 20-200 m of the lunar  
surface. However, the multilayered models a r e  u t i l i z e d  only t o  demonstrate the 
f e a s i b i l i t y  of r e f l e c t i v e  sca t t e r ing  processes contri ,suting to  the obsenred 
negative spec t r a l  gradient  fo r  X > 30 - 70 em. The ac tua l  s ca t t e r ing  is most 
l i k e l y  due t o  a random d i s t r i bu t ion  of la rge  rocks and boulders within the 
rubble layers .  The s implif ied models can, however, provide information r e l a t ed ,  
t o  the extent  of the  sca t t e r ing  and the average depth of layers  with s ign i f i can t  
amaunts of boulder s i z e  rocks. 
The so lu t ion  f o r  the surface in t ens i ty  observed f o r  a two-layer model of 
regol i th  mater ial  overlying bedrock is presented i n  rhe paper of Tikhonova and 
Troitsky (1969). The general problem of N emitting layers  is more complicated 
but can be solved using bas ica l ly  the same ray-tracing approach a s  was i l l u s -  
t r a t e d  by Tikhonova and Troitsky. 
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The general method of so lu t ion  is to  replace the continuous d i s t r i bu t ion  of 
sources i n  a given layer  with two d i s c r e t e  sources, one located a t  the top of 
the l aye r  rad ia t ing  upward and oae a t  the bottom of the layer  rad ia t ing  downward. 
Multiple r e f l s c t ions  a r e  taken i n t o  account. The next s tep  is t o  ca l cu la t e  the 
power at tenuat ion of each source a s  its energy propagates t o  adjacent layers  
I '  
, , above and below. These layer-to-layer transmission f ac to r s  may then be used t o  
, , . , ca l cu la t e  the contr ibut ion t o  the  observable i n t e n r i t y  emergent a t  the  surface 
from each of the d i s c r e t e  sourcer. The t o t a l  observable i n t ens i ty  is simply 
the sum of the f n t e n ~ i t i e s  due t o  each of the sources. The mulcilajrer so lu t ion  
f o r  a given emergence angle Be w i l l  depend on the absorption coe f f i c i en t  rA, 
r e a l  d i e l e c t r i c  constant o (through the r e f l ec t ion  coef f ic ien t  approprLate to 
each boundary) and the temperature d i s t r i bu t ion  within each layer .  
A s  discussed previously, the ea r th  based observations f o r  wavelengths 
grea te r  than 5 cm necessar i ly  average the emission over the whole disk. Thus, 
fo r  a v a l i d  comparison of theory and observation, theore t ica l  d i sk  average 
brightness temperatures must be computed. . . 
1 ,"/2 " ' Tb ($,$,A) x cos $ cos2$ d$~ do,  (VI-D-10) Tb ( 1  in/. 
vhere Tb (A) is the  d isk  average theo re t i ca l  bl ightness  temperature o b s e r a b l e  
from the ea r th  and Tb($,@,A) is the theo re t i ca l  brightness Lemperature observable 
a t  lunar  l a t i t u d e  4 aqd longitude $ ( r e l a t i v e  t o  the subearth point) a t  an angle - 1 a cos (cos $ cos 9 ) r e l a t i v e  t o  l oca l  normal. e 
For each pa r t i cu l a r  muleilayer model, so lu t ions  fo r  Tb(9,$,A) were car r ied  
out fo r  81 d i f f e ren t  s e t s  of lunar coordinates a t  10' i n t e rva l s  i n  4 and 9 . 
Regolith and subsurface physical propert ies  and layering configurations were 
considered invariant  with 4 and J, . Temperature p ro f i l e s  a t  d i f f e r en t  lunar  
coordinates were adjusted f o r  l a t i t ude .  
In a l l  of the theore t ica l  models considered, the physical propert ies  and 
spacing of the rock layers  below the r ego l i t h  were the same. The general 
geometry and physical propert ies  which remained unchanged from model to  andel 
a r e  shown i n  Figure LT-D-4. Values of € = 6.5, &A - 10A and qlk - 0.027Klm Vera 
chosen f o r  the rock layers  based on the measurements of Gold a t  a l .  (1373) fo r  E 
and PA; Horai and SSillons (1972) f o r  t; and a mean heat flow of 3 x l0-%/co 2 
based on the Apollo 15 and 17 measuremants (Langseth e t  a l .  , 1973) A value of 
measurements of Tyler U9.681. The pa r t i cu lq r  spacing used f o r  the rock s o i l  
a l t e n u t l n g  layers  wre chosen t o  produce the negative s p e c t r a l  gradient  of Q 
-10 I!m obrerved a t  Arecibo f o r  wavelengths beyond 70 cm. The pa r t i cu l a r  
?hysical  p a r w t e r s  chosen t o t  the  subregol i th  r a f l e c t l n ~ l ~ y e r s  a r e  not c r i c l c a l  
in t h a t  a d i f f e r e n t  s e t  of parameters can be made t o  produce the - 1 3  K/m 
s p e c t r a l  gradient simply by varying the thlclcnesaes of the ref l ec t lng  layers .  
The spacings and physical proper t ies  of the subregol i th  layers  have negl ig ib le  
E = 3,a uaa. chorea f o r  a l l  the s o i l  l ayers  including the regol i th  based on the 
3 d a t l  of Cold e t  a l .  09731 a t  a denst ty  of P = 2.0 g/cm and the b t s t a t i c  radar 1 
i 
I 
I 
e f f e c t  on the  5-20 cm spec t r a l  gradient  and locat ion of the emission peak. I 
Only the  regol i th  propert ies  and thickness subs t an t i a l l y  a f f e c t  the emissions a t  1 1 
wavelengths where the spec t r a l  gradient  is posi t ive.  i 
In a11 models, the  l o c a l  temperature p ro f i l e  was consldcred t o  take the form ! 
I f  each layer  is homogeneous, the temperature i n  any layer  n, can be wr i t ten  
where To (4) - tfie adjusted mean surface temperature a t  l a t i t u d e  4 , 
ai - the thickness of l s y e r  i, 
di = the depth to  the lower boundary of layer  i from the  surface.  
ki = the thermal conductivity of layer  i, and 
q - the steady s t a t e  heat flow. 
Mean surface temperature va r i a t i on  with la t l tude~vasca lcu la ted  using the 
thermal model establ ished f o r  the Apollo 15 heat flow site(Keithm e t  a l . ,  1973) 
and the s o l a r  inso la t ion  function appropriate  t o  a given l a t i t u d e ,  'Adjusted' 
mean surface temperatures To(@) were calculated by adding t;.e mean temperarude 
difference observed i n  the upper few centimeters a t  Hadley RJ l le  (% 4GK) t o  the 
surface mean calculated from the Hadley R i l l e  thermal model applied a t  various 
l a t i t udes .  The la rge  mean temperature gradient is confined to  the upper fev 
centimeters of surface mater ial  and has n rg l ig ib l e  e f f e c t s  on ca lcu la t ions  of 
lunar emisrion fo r  X >5 cm. Thw, the approximation of a constant regol i th  
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Figure VI-D-6 
t h e m 1  grad ien t  is s t i l l  valici. However, t h e  t o t a l  mean temperature d i f f e r e n c e  
must be added t o  t h e  a c t u a l  mean s u r f a c e  temperatures t o  avoid a cons tan t  e r r o r  
40 K i n  t h e  subsurface  temperature p r o f i l e s  
Theore t i ca l  r e s u l t s  a r a  shown i n  Figures VI-PS t o  VI-D-8 wi th  the  Russian 
and Arecibo d a t a  p l o t t e d  f o r  comparison, The i n s e t  of each f i g u r e  r e p e a t s  t h e  
5-23 cm s p e c t r a  on expanded s c a l e  t o  show more c l e a r l y  t h e  d a t a  r e l e v a n t  t o  g lobal  
heat-flow determinations.  The curves  o f  Figure  VI-D-5 a r e  produced us ing t h e  
following r e g o l i t h  parameters : 
q/k 1 .3  KIm ; 5OA [models of Figure  VI-D-51 
These va lues  a r e  based on t h e  average g rad ien t  seasured a t  t h e  hpol lo  U and 
17 h e a t  flow s i t e s  (Langseth e t  a l . ,  1973) and t h e  absorpt ion l eng th  measurements 
on Apollo 15 and 16 samples (Gold e t  al., 1973). The t h r e e  models shown a r e  d i s -  
t inguished by varying r e g o l i t h  th icknesses .  For a f ixed  absorp t ion  l eng th  and 
thermal g r a d i e n t ,  t h e  r e g o l i t h  th icknass  c o n t r o l s  t h e  l e v e l  and wavelength a t  
which the  emission maximum is reached. A t  wavelengths beyond t h e  wavelength 
of maximum br igh tness  temperature,  t h e  e f f e c t i v e  emi t t ing  l a y e r s  l i e  s u b s t a n t i a l l y  
wi th in  t h e  rubble  o r  r e f l e c t i n g  l a y e r s .  Thus, energy l o s s  through m u l t i p l e  
r e f l e c t i o n s  limits t h e  observable  longer  wavelength i n t e n s i t i e s  d e s p i t e  the  f a c t  
t h a t  the  e f f e c t i v e  emi t t ing  m a t e r i a l  is a t  h igher  temperatures.  It can be seen 
from Figure VI-D-5 t h a t  a r e g o l i t h  th ickness  of % 20 m produces a d i s k  average 
b r igh tness  temperature maximum between 40 and 50 cm wavelength, compatible wi th  
t h e  observat ions .  
I n  t h e  same vein ,  i t  can be seen from the  i n s e t  of Figure VI-0-5 t h a t  the  
r e g o l i t h  th ickness  a l s o  c o n t r 3 l s  t h e  range over which the  s p e c t r a l  g rad ien t  
remains l i n e a r .  A t  wavelengths f o r  which the  e f f e c t i v e  e m i t t i n g  l a y e r s  l i e  
s u b s t a n t i a l l y  above t h e  r e f l e c t i n g  l a y e r s ,  t h e  s p e c t r a l  g rad ien t  remains near ly  
constant  i n  accordance wi th  Equations (VI-P.7) and (VT-D-a). I n  t h i s  r e s p e c t ,  
the  models o f  Figure VI-D-5 i n d i c a t e  t h a t  a r e g o l i t h  thickness of 20-30 cm is 
required t o  maintain a near  l i n e a r  emission spectrum out  to  20 cm wavelength. 
The l i n e a r  por t ion  of t h e  spectrum must be used t o  es t imate  ~ l o b a l  hea t  
flows and r e g o l i t h  p roper t i e s .  The magnitude of the  near  l i n e a r  s p e c t r a l  g rad ien t  
is con t ro l l ed  by t h e  thetmal g rad ien t  q/k,  and t h e  e l e c t r i c a l  absorp t ion  l eng th  
EX.  A l l  of the  models shown I n  Figure VI-D-5 produce s p e c t r a l  g r a d i e n t s  t h a t  a r e  
l e s s  than t h a t  observcd by t h e  Russians over t h e  5-20 cm wavelength band. 
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Equation VI-D-7, used a s  an approximation t o  the d isk  average spec t r a l  graaient ,  
ind ica tes  t h a t  a la rger  s p e c t r a l  gradient requires  e i t h e r  a l a rge r  thermal gra- 
d ien t  o r  longer absorption lengths.  
The emission curves of Figure VI-D-6 a r e  produced using a thermal gradient 
of 2.0 K/m, l a rge r  by a fac tor  of one half  than the mean value measured a t  the 
heat f l ov  s i t e s .  The 5-20 cm spec t r a l  gradient now matches the Russian data  
qu i t e  w e l l  i f  a 20-30 m r ego l i t h  thickness is used, although the absolute  bright- 
ness temperatures l i e  near the upper s r r o r  est imate of the  observations.  The 
absolute  brightness temperatures a r e  dependent on the global d i s t r i bu t ion  of mean 
surface temperature assumed i n  the models. Errors  of 5-6 K could r e s u l t  from 
extrapolat ion of the Apollo 15 and 17 observations. The most se r ious  discre- 
pancies of models V and VI l i e  in  the spec t r a l  range 20-70 cm where the  high 
br ightnrss  temperatures reached exceed the  Russian observations by 15-25 K. 
A method f o r  increasing the  5-20 cm spec t r a l  gradient  without s ign i f i can t ly  
increasing longer wavelength brightness temperatures is i l l u s t r a t e d  by the models 
of Figure VI-D-7. I n  these models, an e l e c t r i c a l  absorption length of kX = 80X 
is assumed. This value is near the maximum measured by Gold e t  a l .  (1973) a t  a 
68 cm wavelength on lunar  samples. Model IX produces good agreement with the 
Russian spec t r a l  gradient f o r  5 < X - < 20 an although a mean regol i th  thi:luess of 
a t  l e a s t  30 m is now required t o  maintain the l i n e a r i t y  of the spectrum out to  
20 cm wavelength. This is due to the fact: t h a t ,  because of the longer absorption 
lengths,  the e f f ec t ive  emit t ing layers  begin t o  l i e  within the r e f l ec t ing  rubble 
layers  a t  sho r t e r  wavelengths. Such a regol i th  thickness is two to  three times 
grea te r  than t h a t  in fer red  from ac t ive  seismic da ta  (Kovach and Watkins, 1973). 
It is to  be noted t h a t  a l l  of the models shown i n  Figures VI-D-5, 6 and 7 
apply e l e c t r i c a l  absorption length data  a t  68 cm wavelength to the e n t i r e  spec t r a l  
band from 5 t o  500 cm. It is qu i t e  possible  t ha t  the absorption constant kA/X , 
va r i e s  subs t an t i a l l y  over t h i s  la rge  wavelength band a s  suggested by the da t a  of 
Figure 01-D-1. To examine the f e a s i b i l i t y  of a systematic increase in  LX/X 
with wavelength, we have f i t  a power curve t o  the data  of Figure VI-D-1 t o  
obtaln !lAIX = 5. 8A1'* ' .  The resu l tan t  theore t ica l  curves a r e  shown i n  Figure 
VI-D-8. Note t h a t  the 5-20 cm spec t r a l  gradient is much l e s s  than the obser- 
vations.  A t h e n u 1  gradient of 'L 3.0 K/m would b e  required to match the da ta ,  
indicat ing e i t h e r  a global heat  flow more than twice tha t  measured d t  the Hadley 
R i l l e  and Taurus Littrow s i t e s  o r  a mean regol i th  conductivity l e s s  than half  the 
mean value measured a t  the heat-flow s i t e s .  I f  the in te rpola t ive  formula fo r  
.&,/A does apply t o  t h e  average r e g o l i t h  m a t e r i a l ,  however, a mean r e g o l i t h  
th ickness  of 10-15 m would be s u f f i c i e n t  t o  match t h e  wavelength a t  which t h e  
o b s e m a t i o n a l  maximum occurs (30-70 cm). Such a r e g o l i t h  th ickness  is i n  good 
agreement wi th  t h e  se ismic  data .  
One po in t  is q u i t e  c l e a r  from a l l  of t h e  models. I f  t h e  Russian d a t a  a r e  
accepted a t  f a c e  value ,  t h e  r e g o l i t h  thermal g rad ien t  measured a t  t h e  two l u n a r  
h e a t  flow sites l i e s  a t  t h e  lower end of t h e  range of l i k e l y  moonwfde average 
values .  Higher g rad ien t s  could be explained without inc reas ing  t h e  h e a t  flow 
i f  over much of  t h e  nears ide  of t h e  moon, r e g o l i t h  c o n d u c t i v i t i e s  were 30-50% 
lower than those  measured a t  t h e  heat-flow s i t e s .  S l i g h t l y  l e s s  compact rego- 
l i t h  material than t h a t  found a t  t h e  mare h e a t  flow s i t e s  would be charac te r ized  
by lower thermal c o n d u c t i v i t i e s  and longer  absorp t ion  l e n g t h s ,  e f f e c t i v e l y  
inc raas ing  t h e  s p e c t r a l  g rad ien t  between 5 and 20 c m  wavelength. 
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OF THE REAT-FLOW RESULTS 
A. HEAT-FLOW AND SURFACE THORIUH ABUNDANCES 
The h e a t  flows repor ted in Sact ion V-D i n d i c a t e  t h a t  t h e  measurement a t  
Hadley Rille is s i g n i f i c a n t l y  h igher  than t h a t  observed a t  Tautus Lit trow. 
There is no reason t o  p r r f a r  one measurement r e l a t i v e  t o  t h e  o t h a r  a s  repre- 
s e n t a t i v e  o f  t h e  g loba l  heat-flow based on an assessment of  l o c a l  d i s tu rbances  
(see  Sect ion V I ) .  The o r b i t i n g  grmma-ray experiment flown on Apollo 15 and 16 
( b t z g e r  e t  el., 1974; B i e l e f e l d  a t  al., 1976) showed t h e  western mare p l a i n s  
of t h e  w o n t s  nears ide  t o  have r e l a t i v e l y  high abundances of thorium a t  t h e  
surface .  Over che e a s t e r n  margin of Imhrirmr, t h e  s u r f a c e  abundance of thorium 
is over  two times higher  than o v e t  Taurus L i t t row which sugges t s  t h a t  t h e  
h igher  h e a t  flow a t  Hadley R i l l e  may be r e l a t e d  t o  t h e  h igher  thorium abundaaces. 
These high r e l a t i v e  abundances a r e  probably confined t o  a near  s u r f a c e  l ayer .  
I f  the  abundance de tec ted  by t h e  gamma-ray experiment represented abundances 
uniformly d i s t r i b u t e d  i n  a 60 km chick c r u s t ,  then t h e  very high s u r f a c e  
concentra t ions  such as those  observed over  t h e  Archimedes and Fra Mauro regions  
cannot be r e p r e s e n t a t i v e  of average l u n a r  c r u s t a l  abundances a s  they would l ead  
t o  unreasonably high hea t  flows a d  near  mel t ing temperatures a t  t h e  base of 
the  c r u s t .  I n  Figure VII-6-1, t h e  dashed l i n e  shows the  hea t  flow a t  t h e  sur-  
f ace  of a 60 km crust as a func t ion  of thorium abundance assuming a K/U r a t i o  
of 3200 and a Th/U r a t i o  of 3.7 higher  than t h e  e a r t h ' s  average h e a t  f lux!  
Furthermore, t h e  temperature a t  t h e  base  of a 60 km c r u s t  would be near ly  1200°C 
which would p lace  m a t e r i a l  t h e r e  very c l o s e  t o  t h e  so l idus .  Consequently, 
t h e  high thorium concentra t ions  observed by the  gamma-ray experiment over  
Oceanua Ptocellanum must be  a s u r f i c i a l  enrichment in thorium r i c h  m a t e r i a l s .  
I n t e r p r e t a t i o n s  of geothermal measurements on e a r t h  have revealed a 
p e r s i s t e n t  c o r r e l a t i o n  of hea t  flow with  t h e  s u r f a c e  abundance of hea t  producing 
isotopes .  The c o r r e l a t i o n s  a r e  most s t r i k i n g  i n  regions t h a t  a r e  t e c t o n i c a l l y  
o l d e r  (Mesozoic o r  o l d e r ;  see ,  f o r  example, Birch e t  a l . ,  1968 and Lachenbruch 
1970). The correlationvithfnalargegeographic region is l i n e a r  and descr ibed 
by the  r e l a t i o n  q = q* + D A(o); where q* is the  i n t e r c e p t  and A(o) t h e  hea t  
production. When a l i n e  is b e s t  f i t t e d  t o  t h e  heat  flow and hea t  production 
da ta ,  i t  e x t r a p o l a t e s  t h e  zero heat  production a x i s  t o  y i e l d  a p o s i t i v e  heat-  
flow value ,  q*, i n t e r p r e t e d  a s  the  hea t  flow i n t o  t h e  base of the  c m s t .  
Two models have been proposed t o  exp la in  the  observed l i n e a r  r e l a t i o n s h i p .  
The f i r s t  proposed by Birch e t  a l .  (1968) has t h e  heat  producing i so topes  
concentrated uniformly i n  a s u r f a c e  l a y e r  of f i n i t e  th ickness  D. This 
t h i c k n ~ s s  is given by the  s lope  of t h e  l i n e a r  f i t  t o  t h e  d a t a .  For t h e  
e a s t e r n  United S t a t e s  t h e  average th ickness  determined is 8 t o  10 Ian. The 
second a l t e r n a t i v e  model was proposed by Lachenbruch (1970). It assumes t h a t  
t h e  abundance of hea t  producing i so topes  decreases  exponen t ia l ly  with depth 
i n  t h e  c r u s t  wi th  t h e  l o g a r i t h i m i c  decrement D. Lachenbruch (1970) has a l s o  
pointed o a t  t h a t  a l i n e a r  decrease  of i so topes  would s a t i s f y  t h e  r e l a t i o n .  
Lachenbruch f u r t h e r  shows t h a t ,  of the  th ree  models, only  t h e  exponent ia l ly  
decreas ing source wi th  depth  remains v a l i d  under d i f f e r e n t i a l  e ros ion ,  which 
is a highly  l i k e l y  circumstance on e a r t h .  
It may be over ly  o p t i m i s t i c  t o  apply the  r e l a t i o n  t o  two po in t s  f o r  t h e  
moon; nonetheless ,  t h i s  is done i n  Figure VII-A-1 and is  shown by t h e  s o l i d  - 2 l i n e .  The value  of q* is seen t o  be 0.9uW cm and s lope  D is 19 km. The - 2 value of 0.9 pW cm f o r  t h e  h e a t  flow i n t o  t h e  base of t h e  c r u s t  is wi th in  
the  range of values  c a l c u l a t e d  by another  a n a l y s i s  given i n  Sect ion V I I - 8 .  
There is a l ready  evidence t h a t  t h e  value  D cannot be app l ied  t o  t h e  l u n a r  
c r u s t  j~ a manner t h a t  f i t s  we l l  f o r  t h e  e a r t h ' s  c r u s t .  F i r s t l y ,  Metzger 
e t  a l .  (197G) have noted t h e  very s t r o n g  inverse  c o r r e l a t i o n  between s u r f a c e  
thorium abundance and e l e v a t i o n  of the  lunar  su r face .  The very lowest abun- 
dances a r e  observed over  t h e  h ighes t  f a r s i d e  regions .  Unless t h e r e  a r e  
enormous l a t e r a l  v a r i a t i o n s  i n  t h e  c r u s t a l  abundance of rad io i so topes ,  t h i s  
c o r r e l a t i o n  suggests  t h a t  t'le hea t  p r o d u c t t o n i n c r e a s e s w i t h  depth,  a t  l e a s t  
t o  depths of a few ki lometers .  This is exac t ly  oppos i t e  to  what is observed 
on e a r t h .  Secondly, the  s u r f a c e  abundance of thorium seems t o  c o r r e l a t e  most 
s t r o n g l y  with the  e x t a n t  of mare forming volcanism on t h e  s u r f a c e  and inverse ly  
wi th  the  age of t h e  mare volcanism. 
It s e e m  a reasonable con jec tu re  t h a t  the  s u r f a c e  thorium abundance cor- 
r e l a t e d  with i n t r u s i v e  type volcanism i n  t h e  lunar  c r u s t  a s  wel l .  It  has been 
suggested by s e v e r a l  i n v e s t i g a t o r s  t h a t  the upward e x t e n t  of mapa f looding 
o r  i n j e c t i o n  was c o n t r o l l e d  by i n t e r n a l  s t r e s s  ( e s s e n t i a l l y  hydros ta t i c )  and 
e q u i p o t e n t i a l  su r faces  a t  t h e  time of i n f e c t i o n .  This model would f i t  the  ob- 
s e m e d  inverse  c o r r e l a t i o n  of e l e v a t i o n  and s u r f a c e  abundance of thorium. Lawer 
e l e v a t i o n s  simply have more volcanic  i n t r u s i v e s  than the  higher  a reas  which 
extended above the  reach of magmas a t  the  time of t h e i r  emplacement. 
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Figure VII-A-1 
The foregoing discussion is highly speculat ive;  ye t  i t  is s e t  down here 
to  show the e n o m w  and profound r a s u l t s  tha t  could be gained from the global 
mapping of thorium abundance, e leva t ion  and heat flow on the moon. They would 
provide data  relevant  t o  the chemical s t ra t igraphy of the c rus t  on a broad 
3cale,  the  l a t e r a l  heterogeneity of the c rus t ,  the extent  both l a t e r a l l y  arid 
v e r t i c a l l y  of volcanism subsequent to  lunar  c r u s t  formation. Such measurements 
have been proposed aa pa r t  of a polar o r b i t r r  mission which vas u n t i l  recent ly 
an ac t ive  candidate mission i n  thm f o r e s e ~ b l ~  future.  I . for tunately,  due t o  the  
cos ts  of o ther  a c t i v i t i e s  ,y NASA, among them the Spaca Shut t le ,  such a scien- 
t i f i c a l l y  valuable mission has been posponed inde f in i t e ly .  
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VII-B.  TEMPERATURES IN THE UPPER 300 KM OF THE MQON 
The contents of t h i s  sec t ion  a r e  la rge ly  extractad from r paper given 
a t  the Lunar Science Confarence no. VIII. 
An abundance of the geophysical and g e o c h d c a l  data  from Apollo is 
relevant t o  the present theraul  regime of the  lunar  l n t e r i o r  with varying 
degrees of significance. The seismic da ta  s t rongly lmpiy the absence of 
any widespread melting i n  the orrter 800-1000 km and a high Q upper mantle t h a t  
extends t o  300-500 km (Nakamura e t  a l , ,  1976; Dainty a t  e l . ,  1976). The 
observed anisostasy of the c i r c u l a r  mare mascons leads to r i g i d i t y  requirements 
fo r  the c rus t  and upper mantle t h a t  have beec in te rpre ted  i n  t e r n  of v i scos i ty  
and l i thospher ic  thickness (e.g. Arkani-Hamed, 1373). The magnetics data ,  on 
the other  hand, suggest t h a t  temperatures v i t h i n  a few hundred degrees of 
sol idus may occur a t  depths a s  shallow as  200-300 Ian (Kuckes, 1974; Sonett 
and Duba, 1975; 3yal a t  a l . ,  1976). Boxever, quant i ta t ive  in t e rp re t a t ion  of 
the seismic and e l e c t r i c a l  propert ies ,  as  wel l  a s  the gravi ty data ,  i n  terms of 
temperature, a r e  subject  to  the uncer ta in t ies  of modelling assumptions, compo- 
s i t i o n ,  and laboratory measurements r e l a t i ng  e l a s t i c ,  v i s c ~ u s  and e l e c t r i c a l  
propert ies  to  temperature. 
Data relevant t o  the t o t a l  abundance and r a d i a l  d i s t r i bu t ion  of heat 
sources a r e  provided by :he Apollo 15 and 17 heat-flow measurements and the 
gamma-ray mapping of surface thorium abundances over the Apollo 15 and 16 
groundtrac'ks. These ~bsema t ions  a r e  not Wbject  t o  p r io r  modeling o r  compo- 
s i t i o n a l  assumptions but do su f f e r  the uncer ta in t ies  of extrapolat ing measure- 
ments of l imited a r e a l  coverage to  global averages. We thus have ava i lab le  
o b s e ~ r a t i o n s  relevant  on e s sen t i a l l y  a global s ca l e  (seismic, gravi ty and 
magac+:ics data) which a r e  subject  to  tn te rpre ta t iona l  uncer ta in t ies ,  and 
measurements of l imited a r e a l  covarage ( c rus t a l  thorium abundance and heat 
flow) vhich may a r  may not be globallv r e p r e s e ~ t a t i v e .  It can be qui te  a r -  
b i t r a r y  which observations a r e  considered ' cons t ra in ts '  on the --odels and which 
observations a r e  t o  be tes ted  by the model r e su l t s .  However, s ince the thermal 
models themselves require bulk and r ad ia l  d i s t r i bu t ion  of heat sources a s  
inputs,  the infer red  c r u s t d  thorium enrichuent and measured heat f l c v  3111 b e  
referred to  a s  cons t ra in ts  i n  the present work. It should be kept i n  mind, 
however, t ha t  t h i s  chcice is only one of coavenfence. None of the observations 
can be considered de f in i t i ve .  The es sen t i a l  question is: Can a model of the 
present day thermal regime of the lunar i n t e r i o r  be constructed which is consi.stent 
with all of the relevant observations? 
The one cons t ra in t  which we do ass- is t h a t  the moon is present ly thernal:!y 
a t  steady s t a t e ,  i n  the sense t h a t  the heat generated in t e rna l ly  iz balanced by 
the surface l o s s  t o  space. Evidence i n  t h i s  r tgard is bared on theo re t i ca l  a s  
well  a8 observational considerations.  The absence of surface fea tures  re la ted  
t o  thormal expansion o r  coa;raction implies tha t  rhe mean lunar  temperature has 
not changed considerably s ince  the time of =re  emplacement. Present day high 
temperatures suggested by the magnetics data  a t  200-300 km and the subsolidus 
reqcfrement imposed by the seismis data  t o  i 00 km imply :hat r ad i a l  temperataxe 
gradients i n  the i n t e r i o r  a r e  small. This, i n  turn,  implies e i t h e r  t ha t  s igni-  
f i can t  heat sources a r e  absent from the deep i n t e r i o r  o r  t ha t  heat now generated 
is e f f i c i e n t l y  t ransferred t o  the outer  layers  by a process of lol id  s t a t e  cou- 
vection. In  e i t h e r  case, a near steady-state thermal regime w,dd r e su l t .  From 
a theore t ica l  standpoint,  the measured surface heac flow implies bi- lk heat 
source abundances one to  two orders  of magnitude l a rge r  than tha t  reqlrired f o r  
the occurrence of convective t ranspor t ,  assuming a r e a l i s t i c  temperature depen- 
dence of the mater ial  rheology. With the i n i t i a t i o n  of ; so l id  s t a t e  convective 
process, the time required t o  reach steady s t a t e  would be grea t ly  reduced, to  a 
small f rac t ion  of the lunar  age. 
In  t h i s  sec t ion ,  we examine the coupling of global heat flow, c rus t a l  heat 
source enrichment, thennal conductivity and crus t  and upper mantle temperatur2s 
fo r  the outer  layers  of a steady-state moon where conductive heat t ransfer  
dominates. By u t i l i z i n g  a range of heat source d i s t r i bu t ions  chat i~ould r e su l t  
from the formation of the c rus t  by d i f f e r en t i a t i on  3f the upper mantle and a 
thermal conductivity p r o f i l e  based on experimental data ,  comparisons can be 
made with model dependent cons t ra in ts  imposed by other  geophysical and geo- 
chemical data.  
Observations Relevant t o  Total Heat Source Abundance and Radial Distr ibut ion -------..-------------------------------------------"-- 
Heat flow -- For a moon near steady-state,  the global heat f l u  can be 
interpreted d l r e c t l y  in t a m  of the t o t a l  in te rna l  heat geueration. In s i t u  
1 measurements car r ied  oot a t  the Hadley R i l l c  (Apollo 15) and Taurus L i t t t ov  
(Apollo 17) r i t e s  yielded reglocal  heat flows of 2 . 1  and 1.0 u~lcm'  respect ively.  
Earth based microwave observations of the lunar thermal emission (Troitsky, 1965), 
interpreted using laboratory measurements of regol i th  samples' e l e c t r i c a l  absorp- 
t ion  length (Gold e t  al., 1973), lead to  subsurface thermal gradients  near the 
center  of the lunar  d isk  c o n s i s t - ~ t  with the i n  s i t u  gradient measurements of 
1.3 - 1.75 'K/m (Keihm and Lagse th ,  1975) Combined with evidence f o r  l a rge  
sca l e  homogeneity of the upper few meters of regol i th ,  the microwave da ta  
support the global heat f l ov  estimate. Based on these r e s u l t s ,  w e  have examined 
the implications constraining the range of avezage surface heat flow t o  valuer. 
2 
between 1.4 and 2.1 bW/cm . This cons t ra in t  r e s t r i c t s  the t o t a l  heat source 
-8 
abundance of the lunar i n t e r i o r  t o  values between 2.4 and 3.6 x 10 uW/cm 
3 
With the t o t a l  i n t e rna l  heat production constrained by the range of mea- 
sured heat flow, the present iay r a d i a l  d i s t r i bu t ion  of heat sources can be 
estimated from gcochemicai and geologic evidence relevant  t o  the t o t a l  amount 
of d i f f e r en t i a t i on  which has taken place. Thermal h is tory  calculat ions have 
km thick. A thermal analysis ,  based on the lack  of extensional o r  compressional 
features  on the surface of the moon, suggests t h a t  the ea r ly  high temperature 
layer  was limited t o  a thickness between 100 and 300 km (Solomon and Chaiken, 
1976). These resu l  3 L p i y  t ha t  the lunar  c rus t  was d i f f e r en t i a t ed  from a sub- 
s t a n t i a l  outer  laye.: ( the  magma ocean), which would have a profound e f f e c t  on 
long pointed to  a need f o r  very high, possibly l iquidus,  temperatures i n  the 
outer  layers  of the won  ea r ly  in its h is tory  to explain the episodes of mare 
volcanisnt and d i f f e ren t i a t i on  of che lunar  c rus t  (e.8.- Toksdz e t  a l . ,  1972). 
Recent geochemical modeling s tudies  (Walker e t  a1.,1975; Hubbard and ~Wnear,  
1975) suggest t ha t  the ear ly  high temperature layer  was on the order of 200-500 
the r ad i a l  d i s t r i bu t ion  of heat sources. A d i r e c t  cons t ra in t  on the amount of 
neat source d i f f e r en t i a t i on  which has taken place is provided by estimates of the 
mean abundance of heat generating isotopes concentrated i n  the lunar c rus t .  
The o r b i t a l  gamma-ray determinations of the  surface thorium abundances 
along the Apollo 15 and 16 groundtracks provide t h s  most relevant data .  These 
data have been shown t o  be consis tent  with the wasured abundances of returned 
lunar samples from the Apollo s i t e s  (Metzger 1': ei. , l974) Bielefeld e t  d. (1976) 
recently updated the surface thorium data. Abundances i n  regions of high albedo 
(nonmare areas)  a r e  shorn i n  Figure VII-B-1  a s  a histogram of values within 
5' x 5' areas.  
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tfeasuraments from mare have been sxcluded s i n c e  observat ions  from these  
a r e a s  a r e  probably not  r e p r e s e n t a t i v e  of c r u s t a l  abundances because the  b a s a l t s  
t h a t  f i l l  the  mare bas ins  a r e  products of p a r t i a l  mel t ing i n  t h e  mantle o r  deep 
c r u s t  of t h e  moon. Uranium and thorium would be p r e f e r e n t i a l l y  concentra ted i n t o  
t h e  l i q u i d u s  f r a c t i o n  of a p a r t i a l l y  molten mantle. The most commonly found value ,  
0.6 t o  0.7 ppm, ls observed over  t h e  f a r s i d e  highlands;  t h e  second peak a t  1 .0  
corresponds t o  limb highland a r e a s .  These va lues  a r e  h igh ly  b iased  toward 
Apollo 1 5  observat ions  because of t h e  l a r g e r  a r e a  covered. How t o  r e l a t e  t h e  
s u r f a c e  d i s t r i b u t i o n  t o  t h e  average c r u s t a l  abundance is f a r  from c l e a r .  A 
s t r o n g  inverse  corr t r la t ion has been observed between s u r f a c e  thorium abundance 
and s u r f a c e  e l e v a t i o n  (Trombka et a l . ,  1974). This could be i n t e r p r e t e d  a s  
i n d i c a t i n g  t h a t  t h e  c r u s t  is s t r a t i f i e d  r e l a t i v e  t o  thorium i n  which case  t h e  
values  from t h e  e l s v a t e d  f a r s i d e  regions  would n o t  be represen ta t ive .  On t h e  
o t h e r  hand, i t  would be s u r p r i s i n g  i f  s t r a t i f i c a t i o n  i n  t h e  highland c m s t  could 
have sunr ived the  l a r g e  s c a l e  mixir-g t h a t  would have accompanied the  in tense  
bombardment by l a r g e  bodies,  un less  the  inc rease  of thorium with depth w a s  em- 
placed subsequent t o  4 b.y.b.p. by widescale i n t r u s i o n s  i n t o  t h e  lower p a r t  of 
the  c r u s t .  Subsequent i n t r u s i o n  would not  exp la in  t h e  r e l a t i v e l y  high va lues  
obsenred i n  the  nears ide  t e r r a e ;  the re fore ,  t h e  p o s s i b i l i t y  of s i g n i f i c a n t  
l a t e r a l  heterogenei ty  of t h e  c r u s t  cannot be dismissed. Unt i l  we have a more 
c r e d i b l e  model of t h e  c r u s t a l .  composition and s t r a t i f i c a t i o n ,  an  a r e a  weighted 
average o f  che s u r f a c e  abundances i n  nonmare regions  o f f e r s  :he most unbiased 
es t imate  of t h e  thorium abundance. A s  shown i n  Figure VII-B-1, t h i s  is 0.9 ppm 
f o r  a l l  regions  ( see  a l s o  Taylor,  1977). Because of the  u n c e r t a i n t i e s  discusczd 
above, we examine the  consequences of cons t ra in ing  t h e  average c r u s t a l  thorium 
abundaace t o  values  between the  peaks of t h e  frequency d i s t r i b u t i o n  ('W.63 - 
1.0 ppm). The lower limit admits t h e  p o s s i b i l i t y  t h a t  t h e  enrichment in imcom- 
p a t i b l e  elements may decrease  wi th  depth  a s  i t  does in c o n t i n e n t a l  c r u s t  on e a r t h  
and t h e  upper limit r e f l e c t s  the  r m c e r t a i n t i e s  assoc ia ted  with t h e  nears ide  data .  
It w i l l  be showu i n  a l a t e r  s e c t i o n  t h a t  the  i n f e r r e d  range of c r u s t a l  thorium 
abundance, combined wi th  t h e  heat-flow c o n s t r a i n t ,  has  important impl ica t ions  f o r  
t h e  amount of d i f f e r e n t i k c i o n  which has caken p lace  and present  day temperatures 
in the  lunar  l i thosphere .  
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Top: Thennal conductivity versus porosity from laboratory measurements 
of returned lunar samples as mnmarized i n  Horaf and Winkler (1976). 
Bottom: Inferred crustal thermal c o ~ d u c t i v i t y  prof i le  ( l e f t )  based on 
a correlation of porosity and the seismic prof i le  (r ight)  of Toksbz a t  
el. (1974) Figure VII-0-2 
The o r b i t a l  data  and sample 
ce r t a in ty  the i so topic  r a t i o s  of 
We have used a K/U of 2500 and a 
terms of the thorium abundance. 
r a t i o  infer red  f o r  surface rocks 
da ta  have establ ished with a f a i r  degree of 
potassium t o  thorium and thorium to uranium. 
ThIU of 3.7 t o  ca lcu la te  heat production i n  
Because potassium is so v o l a t i l e ,  the K/U 
may not be representat ive of the lunar i n t e r i o r .  
However, s ince  present day radioact ive heat generation is dominated by the 
uranium and thorium isotopes,  I n t e r i o r  K/U r a t i o s  even a s  high a s  t e r r e s t r i a l  
values would not s ign i f i can t ly  a f f e c t  the model r e su l t s .  
D e s c r i ~ t i o n  of Steady-State Models --- - _ U -  ---- 
Thermal conductivity p ro f i l e :  - For a given heat flow and r a d i a l  heat 
sour:e d i s t r i bu t ion ,  temperatures in the conducting lunar l i thosphere depend only 
on the t h e 4  conductivity and i t s  var ia t ion  with depth and temperature. Rea- 
l i s t i c  models of l i thospher ic  temperatures must take in to  account the insu la t ing  
propert ies  of the lunar c rus t  ( r e l a t i ve  to  an olivine-pyroxene upper mantle). 
Simplified models which assume a mean conductivity f o r  the l i thosphere appro- 
p r i a t e  to an olivine-pyroxene mantle (0.04 Wlcm "K is a commonly w e d  value) 
w i l l  lead t o  temperature estimates f o r  the upper mantle hundreds of degrees 
lower than when the insu la t ing  propert ies  of the c rus t  a r e  taken in to  account. 
Laboratory measurements of lunar  c r u s t a l  rock samples show tha t  porosi ty  
is the most important f ac to r  cont ro l l ing  the thermal conductivity (Figure VII- 
B-2, top).  Mainly, the  porosi ty  depends on the extent  of f rac ture  of the o r ig ina l  
glassy o r  c rys t a l l i ne  matrix, and t o  a l e s s e r  extent  on the nature and composi- 
t i o n  of the matrix. This suggests t ha t  a measure of the extent  of f r ac tu re  and 
crack closure with depth, such a s  the c r u s t a l  p-wave ve loc i ty  p r ~ f i l e ,  can 
provide a good estimzte of the thermal conductivity var ia t ion  i n  the c rus t .  A 
semiquantitative cor re la t ion  is shown a t  the bottom of Figure VII-B-2. The l a rge  
increase i n  V from j u s t  below the unconsolidated r ego l i t h  to a depth of 20 km 
I P 
i is believed t o  r e s u l t  from the  closing of f r ac tu re s  a s  the compressive load 
1 increases.  A porosi ty  of about 5 2 ,  corresponding t o  a conductivity of 0.01 
I 
i W/cmaK, is believed to  be an upper l imi t  f o r  a compressive load grea te r  than 
1 Ian. Conductivities i n  the range of 0.018 - 0.020 W/cm0K a t  depths of 20-60 
km a r e  based on the assumption tha t  cracks and f rac tures  a r e  almost t o t a l l y  
closed i n  the lower c rus t ,  as suggested by the p-wave data.  Comparable c rus t a l  
conduct ivi t ies  were obtained by Mlzutani and Newbigging (1973) using a s imi la r  
i analysis .  Crustal conductivity models 2 30% removed from our nominal p ro f i l e  
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m Laboratory measuremente of thermal conductivity versus temperature for lunar mantle eimulant materials 
I (from Schatz and Simmons, 1973). The solid curve is a theoretical curve for a mantle of FOoo which has w w 
been used as the nominal mantle conductivity. The dashed curves, which nearly bracket the data have 0-8 m 
been w e d  in the models to examine the effects of the mantle conductivity uncertainty 
were also examined to dutsrmine the resultant uncertainties in the derived 
temperatures. 
Below the crust, the most important variatiom in thermal conductivity 
are probably due to temperature. Selsmic and gecchesical models suggest an 
oli vine-pyroxene composition for the u?per mantle with yossib Ly a slight in- 
crease in Fe/Fe + Hg ratio with depth. The data shown in Figure VXI-B-3 are 
from the laboratory measurements of Schatz and Simmons (1973) on lunar mantle 
simulant materials. The samples show a slight decrease in conductivity to 
temperatures of aboct 1200°K, followed by a conductivity bcrease as radiative 
effects becoae fmportanc at higher temperatures. For cur nominal mantle con- 
ductivity model, we have adopted a theoretical conductivity versus temperature 
relation proposed by Szhatz and Simmons for a mantle of Fog, (solid c w e  of 
Figure VII-V-3). We have also examined mantle conductivity models 2 0.01 W/cm 
"K removed from the nominal curve, thus bracketing nearly all of the experimental 
data in the temperature range of interest. 
Heat sources distributior.: -- A wide range of radial heat source distributions 
were examined by employing two parameter models of the early lunar differentiation. 
Agivenmodel was characterized by the depth, d, to which heat source differen- 
L 
tiation took place and the fraction, a, of the initially uniform distribution 
of hkat sources which were redistributed into the crust. For example, a model 
with d = 500 km and a = 1.0 has all heat sources originally distributed uniformly 
in the upper 500 km concentrated in the present day crust. For a given model, the 
total Seat source abundance is determined by the assumed heat flow. 
For d l  models presented, an average crustal thickness of 60 Ian, based on 
the seismic velocity structure (Latham et ai., 1972; Toksdz et al,, 19741,is 
assumed. The effects of different average crustal thicknesses are essentially 
equivalent to variations in the constraint of present day crustal thorium abun- 
dance. The abundance range we have assumed, 0.63 - 1.0 ppm, probably encom- 
passes the range of uncertainty of average crustal thichess. 
Each steady-state model was characterized byachoice of thermal conductivity, 
heat flow and differentiation depth and efficiency. Lithospheric temperature 
solutions for the radially symmetric heat conduction equation in spherical coor- 
dinates were obtained iteratively, assuming constant thermal conductivity over 
10 km intervals. For all calculations, a fixed outer boundarj temperature of 
310°K was assumed. h i s  is based on the porosity-conductivity relati onshf p 
shown in Figure VII-B-2, and the p-wave velocity structure inferred for the 
1 km a t  the  Taurus L i t t row s i t e  (Cooper e t  a l . ,  1974). A f l u x  boundary cond i t ion  
was c a l c u l a t e d  a t  t h e  base of t h e  l i t h o s p h e r e  us ing the  assumed g loba l  hea t  flow 
and r a d i a l  hea t  source  d i s t r i b u t i o n .  Models des ignated compatible were those  
2 
with h e a t  flow i n  t h e  range of  1.4 - 2.1 UW/cm and d i f f e r e n t i a t i o n  processes  
which r e s u l t e d  i n  p resen t  day c r u s t a l  thorium abundances between 0.63 and 1 .0  
PPm* 
Formulation of t h e  Model: -- Using the  s u r f a c e  h e a t  flow, Fsurf t h e  average 
volumetr ic  hea t  product ioa  of  t h e  moon is c a l c u l a t e d  by t h e  simple s t eady  s t a t e  
r e l a t i o n  f o r  a sphere  
where 2 is t h e  average volumetr ic  hea t  production and R i s  t h e  rad ius  of t h e  1 
moon taken a s  1740 km. P e t r o l o g i c a l  and chemical d i f f e r e n t i a t i o n  i n  the  o u t e r  
l a y e r s  of t h e  moonare assumed t o  produce th ree  l a y e r s ;  t h e  c r u s t ,  dep le ted  mantle 
and t h e  p r imi t ive  i n t e r i o r .  The r a d i a l  d i s t a n c e  from the  c e n t e r  of t h e  noon to  
the  upper boundary of each l a y e r  r i = 1 , 3  could be v a r i e d  i n  t h e  model. The 
i ' 
volumetr ic  hea t  production i n  each l a y e r  was c a l c u l a t e d  us ing the  fo l lowing 
simple r e l a t i o n s  : 
For lunar  c r u s t :  
3  3  3 3  
HI = it (1 + a) ( r Z  - r3 ) /  ( r l  - r2) 
For deple ted  mantle H2 - 8 ( 1  - 1) 
For the  lunar  i n t e r i o r  H3 - it 
Alpha is  the  f r a c t i o n  of hea t  producing i so topes  dep le ted  from the  mantle. 
The thermal conduc t iv i ty  Ki was def ined wi th in  10  km i n t e r v a l s  based on 
the  model shown i n  Figure VII-B-2. The i n i t i a l  conduc t iv i ty  i n  the  mantle is 
given a n  assumed value  which is uniform throughout. With t h e  assumptions of 
thermal s teady s t a t e ,  and s p h e r i c a l  symmetry, the  temperature a t  the  base of 
any LO km i n t e r v a l  Ti can be computed from the  temperature T a t  the  top i- 1 
of the  i - 1 l a y e r  by: 
where Fi _ - the heat flow at the top of layer I - 1 . 
1 
Ri equals the radial distance to the top of layer i, and 
$ = H1 for Ri > r2 , 
H for r2 L Ri > rj , and 2 
H for R r3. 3 i 
The flux into the base of layer i can be computed from the flux at the surface 
of the layer by 
Using these formulae, the calculation is made layer by layer starting from the 
surface. 
The temperature dependence of conductivity in the mantle is assumed to 
have the form proposed by Schatz and Simmons (1973). 
K (T) = k - B? + !If3 
This dependence is included in the model by recalculating Ki for each mantle 
layer letting = T i  - , + Ti) 12 and repeating the computation of tempe- 
ratures until the sum of differences in temperatur2s of all of the layers was 
less thar. a degree on subsequent runs. 
Results and Discussion ---- 
For the nominal crustal and mantle thermal conductivity functions, the 
relationships between heat flow, differentiation depth, crustal thorium abw- 
dance and 300 km temperatures are shown in Figures VII-8-4 a, b, and c. The 
300 km temperatures are shown as dashed contour lines. The solid contours 
illustrate the relationship between crustal thorium enrichment and heat flow 
and differentiation thickness. The stippled region shows the range of tem- 
peratures at the base of a 300 km lithosphere which are compatible with the 
heat flow and crustal thorium observations as well as the subsolidus require- 
ment (less than 1600°K). Figures VII-B-4 a and c differ only in the assumed 
heat source differentiation efficiency, a. Sate that for highly efficient 
Surface Hest Nux // w/cmT 
Figure VII-0-4 a b 5 
heat source differentiation ( a greater than 0.75 ; Figures VII-B-la and b) , 'magma 
ocean' depths of 300-800 km are Implied, compatible with the geochemical require- 
ments. If early outer layer melting was restricted to depths of 100-300 km, as 
suggested by the thermal expansion constraint of Solomon and Chaiken (1976), the 
present day average crustal thorium abundance must be near the lower limit 
(0.63 ppm) Inferred from rie gamma-ray data, lmplying that the heat source en- 
richment m y  decrease significantly in the lower crust. Much deeper differen- 
tiation layers can be compatible with the heat flow and crustal thorium cons- 
traints (Figure VII-B-4c) ; however, much less efficient upward migration of 
heat sources must be invoked. 
For a wide range of compatible heat flow and differentiation models, 
temperatures in the range of 1100 - 1600°K result at the 300 km depth. The 
requirement of a subsolidus upper mantle restricts the acceptable heat flows 
2 to values less than 1.9 pW/cm . Observations of the magnetic field in orbit 
and on the lunar surface yield determinations of the electromagnetic response 
of the whole moon to transient variations in the ambient magnetic field. The 
response has been examihed in the time frequency domain by several authors (e.g. 
Sonett and htba,  1975; Dpal et al., 1976) by comparison with electrical conducti- 
vity models. All of these analyses require a rapid increase in electrical con- 
ductivity with depth in the outer 100 - 200 km, and values on the order or' 
3 : 10') - 5 x mhoslm are reached at 300 Ian. Uncertainties remain in :he 
analysis of the magnetic data which stem from asymmetries in the enveloping 
electric field produced by the solar wind and the effects of higher modes of 
induced response. A recent analysis by Dyal et al. (1976) of the transient 
response when the moon was shielded from the solar wind in the earth's magnetic 
tail, yielded results in general agreement with those of other workers. 
correlation of inferred electrical conductivity and temperature is based on 
the strong temperature dependence demonstrated in the laboratory by cornman 
silicate rocks. Consideration of all data shows a relatively large scatter and 
led to a large uncertainty in early interpretations of mantle conductivi~ies 
in terms of temperature. More recently, however, the role of oxygen r'ugacity 
has been more fully recognized and the measurements of Duba et al, (1374, 1976) 
on olivine and orthopyroxene samples under simulated lunar conditions have 
considerably narrowed the uncertainties in the tenperature deductions. Mantle 
temperatures based on the electrical conductivity models of three different 
Surface Hec;  Flux f r  w/cmq 
Three hundrad kilometer temperaturb contours plotted versw average 
surface flux (FS) and differentiation depth. The stippled area des- 
cribes the range of 300 km temperatures and differentiation thick- 
nesses which satisfy the heat flow and crustal thorfu abundance 
data and the subsolidw requirement. The three sets of contours 
are distinguished by the assumed differentiation efficiency, a: 
(a) a = 1.0; (b) a = 0.75; (4- a = 0.50. 
i nv~s t iga to r sa re shown  i n  Figure VII-B-5 along with a range of selenotherms 
produced by models compatible v i th  the  heat flow and c rus t a l  thorium abundance 
constraints .  Note t h a t  a l l  three e l e c t r i c a l  models require  temperaturos within 
200eR of the so l idur  (Hodges and Kushiro, 1974) a t  depths g rea t e r  than 200 km, 
The representat ive salenotherma based on the  present work a r e  consis tent  v i t h  
these r e s u l t s ,  although temperatures or low a s  1100.K a t  300 km can a l so  be 
comp8tible - d t h  the heat flow and crurtal t h o r i m  abundance constr.incs. The 
approach towards so l idus  temperatures a t  about 300 kau is a l s o  supported by the 
seismic m d e l  of Nakamra a t  al. (1976). A l a rge  negative shear wave ve loc i ty  
gradient above 300 Ian suggests la rge  temperature gradients  la t h i s  region. The 
decrease la shear wave Q from 4000 t o  1500 a t  about 300 km may indica te  a sof- 
tening uf the mater ial  a s  the sol idus is approached, causing the lower mantle t o  
bahave more p l a s t i c a l l y  t o  s t r e s s .  It has been argued previously tha t  high 
seismic Q values precluded temperatures within a few hundred degreas of sol idus 
in the upper mantle. Especially relevant  t o  t h i s  point a r e  the high p-wave Q 
values of % 5000 t o  depths of approximately SO0 km inferred from the ana lys is  
of seismic surface events (Dainty a t  al., 1976). These r e s u l t s  con f l i c t  some- 
what v i t h  the seismic models of Nakamura e t  a l .  (1976), which require  a lower 
s-wave Q below 300 km. Based p a r t l y  on the higher seismic Q values of Dainty 
e t  a l . ,  lower temperatures and s ign i f i can t  temperature gradients  were expected 
to  depths of a t  l e a s t  500 km. However, the laboratory measurements of Tittman 
e t  a l .  (1976, 1977) ind ica te  tha t  water less  lunar mater ials  can exhib i t  very 
high Q values even a t  elevated temperatures. Recent measurements up to  2.5 
kbar and 800°K (Tittman, personal communication) suggest t h a t  these e f f e c t s  may 
remain s ign i f t can t  a t  pressures and temperatures cha rac t e r i s t i c  of the lunar 
upper mantle. Seismic property measurements up t o  15 War  and 1200°K could be 
c ruc i a l  i n  resolving the high temperature, high seismic Q requirements of the 
lunar c n w t  and upper mantle, 
A second objection t o  high upper mantle teaperatures  has been the r i g i d i t y  
requiramcnts impoced by the anisostasy of the c i r cu i a r  mare mascons. Kuckes 
(1977) has suggested tha t  the load of the rnascons col*L;l be supported by f lexure 
of a r e l a t i ve ly  th in  e l a s t i c  l i thosphere over a viscous amzitla. He f inds t h a t  
the moon's e l a s t i c  l l t h o s f ? x e  must f l e x  a s  a p l a t e  about 60 kn thick to  support 
the marcons. On ear th ,  the oceanic l i thosphere f lexura l  thickness has been 
s h m  to  be about 24 km (Watts aod Cochran, 1974). Tamparatures of about 750% 
a r e  reached a t  t h i s  depth i n  the oceanic l i thosphere grea te r  than 50 m.y. old 
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COMPA;T/BL E SEL ENOTMHMS 
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Temperature (OK) 
Repreaentative selenotherms calculated for steady-state models. Model paraaeters for each selenotherm 
are shown in the accompanying table. The dotted curve, and rectangular and stippled regions are upper 
mantle temperature estimates from the magnetometer $.ata (Kuckes, 1974; Sonett and Duba, 1975; Dyal et c. 
al., 1976). T'.e solid~s of Hodges and Kushiro (1974) l a  shown for reference v 
V 
(see, f o r  example, Langseth and Von Herten, 1970). Thus, comparable temperatures 
might be expected a t  60 km i n  the  rw . , t h a t  is a t  the base of the lunar  c rus t .  
It is seen from Figure VII-8-5 t h a t  the compatible selenothenas require  c rus t a l  
base temperatures between 700 and 850°K. 
Because of the temperature dependence of the thermal conductivity below 
the c rus t ,  thermal gradients a r e  l imited t o  values between about 1.8 and 3.Z°K/km 
f o r  compatible models. These gradients  a t 2  not l a rge  enough t o  amount f o r  the 
measured shear wave gradient of - 0.0013 lcm/sec/km (Nakamura e t  a l . ,  1976), 
without invoking an a d d i t l o a d  e f f e c t ,  such a s  an increase i n  the FeIFe + Mg 
r a t i o  with depth. Experimental data by h u n g  (1971) gives 5 Vs/6T = -3.2 x 
l ~ ~ / s e c / ~ . ,  6Vs/6p = 3.7 x 10-3b/seclkbar;  and 6Vs16X (FelFe + Hg) = 
- 0.015 km/sec/ X (Fe/Ps i Mg) f o r  f o r s t e r i t e  samples. Combining these values 
with the obcerved shear wave gradient of - 0.0013 km/sec/km yie lds  a thermal 
gradient of 4.6 ' K / b  i f  no compositional changes a r e  s ign i f i can t .  Thus, i f  
the ac tua l  grad ie tb  is aoout 2.5 O K / h ,  an increase i n  the  Fe/ (Fe + Mg) r a t i o  
of % 0.03X km may be implied f o r  the upper mantle. 
The discussion t o  t h i s  point has been based on r e s u l t s  obtained using 
the nominal tbormal conductivity p r o f i l e  described e a r l i a r  under the 'Des- 
c r ip t ion  of Steady-State Models'. The e f f e c t s  of the condvctivity uncertainty 
a r e  best  i l l u s t r a t e d  by assuming ext-erne cases of uniformly higher and lower 
c rus t a l  and mantle conductivity p r c f i l e s  and examining the e f f e c t s  on the thermal 
regime s t i l l  a ~ b j e c t  to  the heat  flow and c r u s t a l  t' ~ r i u m  abundance cons t ra in ts  
The selenothr as shorn i n  Figure VII-B-6 a r e  fo r  var ia t ions  i n  c r u s t a l  conduc- 
t i v i s p  of 2 30% from nominal and var ia t ions  i n  mantle conductivity o f  +_ 0.01. W/m 
O K ;  which nearly brackets the laboratory data  fo r  o l iv ine  and pyxzene  samples. 
The model parameters a r e  d = 500, a = 1 .O, Fs = 1.5 and Thcrust = 0.91 ppm f o r  
a l l  f i v e  cases. Variations i n  c r u s t a l  base and 300 Ian mant3.e temperatures of 
+ 150% resu l t .  The e f f ec t s  of the c r u s t a l  and mantle conductivity uncer ta in t ies  - 
a r e  a p p r o ~ s a t e l y  addi t ive so tha t  e r ro r s  of up to  + 300°K a t  300 la could r e s u l t  
i f  boch the mantle and c rus t a l  c o n d x t i v i t i e s  were uniformly i n  e r ro r  by the 
amoilat of t h e i r  s t a t ed  uncertaint ies .  
Conclus i 0 ~  
Fv u t i l i z i n g  the steady-state c r i t e r i o n  and a thermal conductivity model 
fo r  the c rus t  a d  upper mantle based on experimental data ,  the relat ionship 
between global heat flow, c r u s t a l  hea t  source enrichment and l i thospher ic  
temperatures can be quant i ta t ive ly  evaluated. I f  the measured ranges of c rus t a l  

thorium enrichment and heat flow are globally representative, the features of 
a lunar thermal lithosphera that extends to at least 300 km can be summarized 
as follows: 
1) At 300 km, temperatures are in the range 1100 - 1600°K. Magnetic models 
of the upper mantle electrical conductivity and the requirement of a subsolidus 
outer regima favor temperatures in the ranga of 1300 - 1500 O K  and a global heat 
2 
flow or' 1.4 - 1.8 ~ W / c m  . Three hundred kilometer temperatures significantly 
2 
lower than 1200eK requira a global heat flow less than 1.4 uW/cm or r crustal 
heat source anrichmant, greater by a factor of two than that inferred from the 
gamma-ray data. 
2) Hodels of h: ~t source differentiation require an outer layer extending 
to depths of 300 - 600 Ian if LOOX of the heat sources in the differentiated zone 
have migrated upward into the crust. If 75: have migrated upward, the layer 
could be as muck as 800 km thick. The 100% differentiation model compares 
favorably with the 'magma oceant modal thickne:~ of 200-500 lan derived from 
broad geochemical constraints and 100 - 300 km based on Solomon and Chaiken's 
(1976) analyses of constraints on the allowable thermal expansion and contraction 
of the moon compatible with the absence of related surface fsatures. .Alternate 
models of deeper heat source differentiation can be compatible with the heat 
flow and crustal thorium constraints only if a signiiicant fraction of the 
heat sources remain in the deep interior. 
3) Upper mantle gradients in the range of L.8 - 3.1, "Kikm are required at 
200 - 300 km depths. These values are not high enough to account for the observed 
seismic shear wave gradient and suggesc that an additional effect, such as a 
small increase in iron abundance with depth, is required. The mantle gradients 
imply significant heat generation below 300 km. Huat fluxes in the range of 
2 
0.7 - 1.3 pW/cm at 300 km indicate that 113 to 112 of the measured surface heat 
flow is derivud from deep interior heat sources. 4x1 efficient solid state 
convection process i~ required to maintain subsoli,'us temperatures to depths of 
800 - LOO0 km. 
The prfmary uncertaiaty for the steady state models 3 the themal conduc- 
tivity and its variation with depth and tenperature in the outer, nonconvecting 
layers of the moon. h realistic range of possible conductivity error leads ta 
uncertainties o f  100 - 200°K in the derived upper mantle temperatures for a given 
model. The range of compatible heat source differenciation models is not strongly 
a f f e c t e d  by t h e  conduc t iv i ty  uncer ta in ty .  Nei ther  is the  genera l  conclusion from 
t h i s  a n a l y s i s  t h a t  t h e  measured h e a t  f low and i n f e r r e d  c r u s t a l  thorium abundances 
a r e  c o n s i s t e n t  with t h e  high upper mantle temperatures i n t e r p r e t e d  from t h e  
magnetics and se ismic  d a t a ,  a d i f f e r e n t i a t e d  o u t e r  moon supporred by broad 
geochemfcal c o n s t r a i n t s  and a convacting subsol idus  lunar  i n t e r i o r .  
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VII-C. LWLICATIONS FOR THE M06N'S BULK CiEllISTRY 
As w e  have s t a t e d  i n  o t h e r  s e c t i o n s  of t h i s  r e p o r t ,  t he re  is  
s t rong  evidence t h a t  at present  the  moon is c l o s e  t o  t h e m 1  s teady  s t a t e .  
Solomon and Chaiken (1976) have drawn a t t e n t i o n  t o  t he  l ack  of compressional 
o r  ex tens iona l  su r f ace  t e c t o n i c  f e a t u r e s  on t h e  moon, i nd ica t ing  r a d i a l l y  
averaged i n t e r n a l  temperatures have been nea r ly  cons tan t  s i n c e  the  time of the  
last mare f looding,  about 3.2 b,y.b.p. The extremely ].ow l e v e l  of mean su r f ace  
seismic a c t i v i t y  (Latham e t  a l . ,  1973) i n d i c a t e s  t h a t  thermally induced s t r e s s  
l e v e l s  a r e  very small  a t  p resent .  Thermal h i s t o r y  models of t he  moon containing 
rad io iso topes  a t  concentrat ions s u f f i c i e n t  t o  expla in  the  su r f ace  hea t  flow and 
which f i t  o t h e r  w e l l  e s t ab l i shed  c o n s t r a i n t s  ( see ,  f o r  example, Tokstlz and 
Johnston, 1974; Toksaz e t  a:., 1976; and, Toksuz e t  a l . ,  1977) i n d i c a t e  t h a t  
most of t he  r ad ioac t ive  hea t  sources have been concentrated i n  t h e  outer  100 km 
9 where t h e i r  generated hea t  would e q u i l i b r a t e  with the  su r f ace  f l u x  i n  10 years  
o r  l e s s ,  o r  t h e  deep i n t e r i o r  is convecting so t h a t  t he  hea t  t r a n s f e r  is enhanced 
and s teady s t a t e  condit-ions a r e  more r ap id ly  approached. 
For a moon a t  s teady s t a t e ,  t he  hea t  generat ion in t he  i n t e r i o r  is 
r e l a t e d  t o  the average su r f ace  hea t  flow by 
where F i e  t he  mean hea t  flow and r is the  lanar rad ius .  I f  the thorium t o  
uranium r a t i o  is assumed 50 be 3.7 and the  potassium t o  uranium r a t i o  f o r  the  
whole moon is 2000, then the  volumetric hea t  procuction i n  w/cm3 is r e l a t e d  t o  the  
uranium abundance [U] i z i  gdgm by 
From these  two slmple r e l a t i o n s  w e  can es t imate  the global  heat f l u x  and the  
uranium concentrat ion i n  ppb. In Sect ion V I I - B  we showea chat f o r  a moon a t  
3 
steady s t a t e  hea t  flow values i n  the  range of 1 . 4  t o  1 .8  UW cm' a r e  cons is ten t  
with o the r  da t a  relevant  t o  i n t e r i o r  temperatures i n  the  moon. 
I f  an analysis  s imi la r  t o  t h a t  described i n  Langseth e t  a l .  (1976) is 
car r ied  out ,  a s imi la r  range of values is found. The analysis  used the two 
measured values of heat flow, a mean heat production i n  the c rus t ,  gc and 
datenuinations of c r u s t a l  thickness along the Apollo 15 and 16 t racks to cal- 
cu l a t e  a mean heat flow f o r  these areas.  I s o s t a t i c  adjustment of t?.d c rus t  
is assumed so tha t  luuer elevat ions can be converted i n t o  c r u s t a l  thicknesses 
i f  a density cont ras t  Ap, between the  c r u s t  and mantle is assumed. I f  we  s t a r t  
from the seismical ly  ri?..ermined c r u s t a l  thickness of 60 km over eas te rn  Procel- 
lanum and use the mean dens i t i e s  assumed by Solomon (1975), a c r u s t a l  densi ty  
of 2.8 and a mantle densi ty  of 3.4, Ap = 0.06 and the i s o s t a t i c  assumption, then 
the thiclcness T over highland areas  and nonmascon mare p la ins  is given by: 
where h is the elevat ion r e l a t i v e  t o  the  mean lunar radius of 1738 km. In  areas  
6 of mascons the surface mass concentration of 10 gdcm is assumed t o  be uncom- 
pensated and, 
In  nonmascon areas  t ha t  a r e  not enriched i n  surface thorium, the  heat flow 
within an area was calculated by the r e l a t i o n  
where F is the f lux  from the mantle ( the  value a t  Taurus Littrow). Values 
M 
determined i n  Section V I I - B  can be used here. In  areas  where the surface 
thorium i s  enriched 
- 
where Fadd 
= D'  . (Ho - Hc) 
Ho Is the surface heat production calculated from the surface thorium abundance 
and D'  is the slope of the l i n e  i n  Figure VIf-A-1, 
Once the values i n  each area  a t e  determined by t h i s  model, the average 
heat flow is calculated by 
where Fn and An a re  the heat flow and area of each area of ava i lab le  data.  
Using the a teas  defined by Hetzger a t  dl., (1974) o r  Bielefeld e t  a l .  (1976) 
the values a t  Badley R i l l e  of 2.1 */cm2 and Taurus Littrow of 1.4 u ~ / c m ~ ' c a n  be  
w e d  t o  ca lcu la te  a mean value. For values of 8, between 0.9 x 
-3 to  1.55 x lo-% an mean heat flows of 1.4 t o  1 . 8  p~/cm-' a r e  obtained. 
This range of global heat flows would correspond t o  average maximum 
contents of 36 to  46 ppb for the case of a aoon a t  steady s t a t e .  More de ta i led  
calculat ions of the thermal evolution of the moon from i n i t i a l  conditions and 
including p o s s i b i l i t i e s  of convection lead to  heat flows of about 1 .7 PW cmo2 
i f  a uranium content of 35 ppb uranium i a  assumed (ToksBz e t  al. , 1977). 
However, the computations by ToksBz e t  a l .  lead t o  subs t an t i a l l y  lower tem- 
peratures i n  the lunar i n t e r i o r  a t  present than our steady s t a t e  models ~ 4 t h  
in t e rna l  convection implies. The model of ToksBz e t  a l .  ind ica tes  t ha t  tem- 
peraturss  of 1500°K a r e  reached a t  about 800 km compared with 300 km deduced 
from the steady s t a t e  mcdel. The ToksBz e t  a l .  model a l s o  concludes tha t  s o l i d  
s t a t e  convection is confined t o  a r e l a t i ve ly  small region of the lunar i n t e r i o r  
deeper than 1000 lan. These models assume c rus t a l  conduct lvi t ies  :hat a r e  equal 
t o  those of the mantle. This assumption would grea t ly  decrease gradients  i n  
the c rus t  and enhance the heat f l ux  from the mantle t o  the surface during lunar  
his tory.  The thermal conductivity is not known with su f f i c i en t  cer ta in ty  to  
s e t t l e  on a 'bes t '  model a t  t h i s  time. 
L\lr Laportant implication of uranium abundances of 36 ppb is tha t  they a re  
very s imi la r  to  abundances now implied f o r  the e a r t h ' s  mantle. 
Recently, estimates of the ea r th ' s  average heat flow have increased t o  
account for  the contr ibut ion from the seaf laor  spreading process. Williams and 
Von Herzen (1974) have given a new estaimate of the global heat flow from the 
ea r th  of 8 . 4  u~/cm', which is  30% higher than the previous estimate of 6 . 3  
uw/cm2, based on an average of a l l  heat flow observations.  For an ear th  a t  
steady s t a t e ,  a uranium abundance of 32 ppb is required t o  produce a f l ux  of 
8 . 4  uw/cm2 i f  we assume the usually accepted K/U and Th/U r a t i o s .  I f  a l l  of 
the heat  sources a re  concentrated in the mantle then the abundance of uranium 
in the mantle is 42 ppb. 
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VIII. RECOPMENDATIONS 6 i JTURE MEASUREMENTS OF LUNAR HEAT FLOW 
The presen t  s t a t u s  of our knowledge about t h e  hea t  flow from t h e  i n t e r i o r  
of t h e  l u n a r  s u r f a c e  c o n s i s t s  of d i r e c t  measurements of h e a t  f low through 
the lunar  s u r f a c e  l a y e r s  a t  two widely separated l o c a t i o n s  i n  t h e  nor thern 
p a r t  of t h e  nears ide ,  numerous measurements of t h e  microwave b r igh tness  
temperature ve rsus  wavelength us ing earth-based rad io  te lescopes ,  and a 
l a r a e  l i b r a r y  of new d a t a  on t h e  thermal and e l e c t r i c a l  p r o p e r t i e s  of l u n a r  
su r face  m a t e r i a l s  t h a t  r e s u l t e d  frcm t h e  l u n a r  sample program. 
I n d i r e c t  observat ions  t h a t  s e t  l i m i t s  on heat  flow a t  depths of a few 
hundred ki lometers  come from t h e  s tudy of se ismic  wave propagation i n  t h e  
uoon and t h e  whole moon's i n t e r a c t i o n  wi th  t h e  time v a r i a b l e  w g n e t i c  f i e l d  
of t h e  s o l a r  wind a s  measured by s u r f a c e  and o r b i t i n g  magnetometers. 'rhese 
observat ions  i n d i c a t e  gradf-ents of se ismic  v e l o c i t y ,  a t t e n u a t i o n  c o e f f i c i e n t s ,  
and e l e c t r i c a l  conduc t iv i ty  i n  the  lunar  i n t e r i o r  which can be r e l a t e d  through 
experimental  d a t a  t o  temperatures and r a d i a l  t e q e r a t u r e  g r a d i e n t s  i n  t h e  l u n a r  
mantle (~akamura e t  a l .  ,1976; Sonet t  and Duba, 1975). 
The two d i r e c t  su r face  measurements of hea t  flow made dur ing t h e  Apollo 
program were made i n  s i m i l a r  physiographic s e t t i n g s ;  i . e . ,  on t h e  edge o f  
two of t h e  moon's major mascon bas ins  (Langseth e t  al . ,  1974). How repre- 
s e n t a t i v e  these  va lues  a r e  of t h e  t r u e  g loba l  heat  flow from t h e  moon is not  
known because :he v a r i a b i l i t y  of f l u x  over the  su r face  is not known. 
The gamma-ray r e s u l t s  taken from o r b i t  i n d i c a t e  l a r g e r  v a r i a t i o n s  of 
thorium over the  s u r f a c e  (Bie le fe ld  e t  a l . ,  J976) a s  wel l  a s  v a r i a t i o n s  i n  
c r i t i c a l  i s o t o p i c  r a t i o s .  Far i n f r a r e d  emission s p e c t r a  a l s o  give evidence 
f o r  compositional v a r i a t i o n s  over the  lunar  nears ide .  The o r b i t i n g  x-ray 
and gamma-ray r e s u l t s  show s i m i l a r  v a r i a t i o n s  over t h e  b e l t s  covered by the  
Apollo 15 and 16 Command Modules. I f  these  composit ional  v a r i a t i o n s  cont inue 
t o  considerable  depth in  the  moon, they would r e s u l t  i n  v a r i a t i o n s  i n  s u r f a c e  
heat  flow. 
Near-surface measurements of heat  flow a r e  a l s c  s u b j e c t  t o  near-scrface  
dis turbances .  One of the  p r i n c i p a l  dis2urbances f o r  which we have l i t t l e  
d a t a  t o  es t imate  t h e  e f f e c t  i s  the  r e f r a c t i o n  of hea t  flow a t  s lop ing  i n t e r -  
f aces  beween bodies of d i f f e r e n z  thermal p roper t i e s .  If ,  f o r  exanple,  dense 
rock r i s e s  c l o s e  t o  t h e  su r face  bereath  the mountainous r i n g s  of t h e  c i r c c l a r  
mare bas ins ,  they could have a ccnsiderably  higher  condcccivi ty  than the  
overlying regol i th ,  and consequently, a pronounced e f f e c t  on the d i s t r i bu t ion  
of heat flow near such s t ruc tu re s  (see a l so ,  Conel and Martcn, 1975; M t z u t a n i  
and Oaako, 1974). Consequcatly, it  is e x t r m e l y  impcrtant to  obta in  fu r the r  
da ta  t h a t  may determine tha v a r i a b i l i t y  of heat flow over the  lunar surface. 
Fcroorave Spectra of t h s  M=n: 
One c l a s s  of observation tha t  bears d i r e c t l y  on the v a r i a b i l i t y  of heat  
flow over tha  lunar  surface is t h a t  of the microwave spec t ra  betwzen the wave- 
lengths of 3 and 100 em. The d i e l e c t r i c  propert ies  of the moon's surface a r e  
such tha t  it  is semitransparrnt t c  *' ;e wavelengths and, thus, the  in t ens i ty  
of any given wavelength is determined by the inteqrated temperature p r o f i l e  
LO d ~ p t h s  roughly equal t o  absorption length of the  given wavelength. Con- 
sequently,  microwave spec t ra  can be in te rpre ted  i n  terms of the v e r t i c a l  
temperature gradient  i f  the  d i e l e c t r i c  propert ies ,  i n  ?ar t icul .ar  t he  l o s s  
tangent is known. The f i r s t  e f f o r t  t n  detezmine :he heat flow from the moon 
using microwave spec t ra  gas made by BG' in (1961) based on a wry long 
wavelength observations (178 cm). A t  arout  the  same the, s imi l a r  obser- 
vat ions were being made by Soviet .astronomers. Onc of t h e i r  publ icat ions 
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(Troitsky and Tikhonova, 1970; in fer red  haat flows 2.9 t o  4.0 x 10 cm . 
ilecent improvements i n  radf.c astronomy have grea t ly  imprcveu the resolut ion 
t f  wdcrn telescopes. Conceivably, ecrch-based telescopes could sap the 
lunar nearside i n  the  wovelength tar ge from 3-20 cm a t  s u f f i c i e r t l y  gcod 
resolut ions t o  de tec t  ragfocal  var ia t ions  i n  the br ightness  temperature 
gradient .  Measurements of t h i s  type a r e  cur ren t ly  being carr idd out by 
s c i e n t i s t s  of the J e t  Propulsion Laboratory. 
Obeervationn of she va r i a t i on  of t h s  microw~ve brightness temperature 
spec t ra  with s d a r  phase angle provide a d i r e c t  mezw . :?nt sf the r a t i o  
between the thermal and e l e c t r i c a l  a b ~ o l ~ t k n  Len ,L.? ts , the microwave 
data contain information on the v a r i a b i l i t y  of the . u ;.:.rh lper t ies  over 
the surface.  Hcwever, an Lndepindent estimate of elther :'. ??.ma1 d i f fu-  
s i v i t y  o r  ehe e l e c t r i c a l  a h o r p t i o a  length is requir-Q . - . T I  t ~ i c r o v a v e  
brightness temperature gradients  to  temperature gradir: ;L- heat f l s v .  
These estimates must be based on laborstory measr;rtments 32  Apcllo samples 
and i n  sits meascremencs of t5e-1 pa rme te r s .  The un2formity of ccndccti- 
v i t y  vaiues deduced f r m  the heat-flow experbonr  a r e  pa r t i cu l a r ly  s i g d f i c a n t  
in t h i s  rzgard. 
Flcrowave Xeasurements f tom Orb i t  
It has long been recognized t h a t  pass ive  ~ i c r o w a v a  observat ions  from a 
l u n a r  o r b i t e r  would map hea t  flow over  t h e  e n t i r e  lunar  s u r f a c e  i f ,  as i n  
t h e  case  of earth-bound observat ions ,  t h e  t h e m 1  o r  die1 e c t r i c  p r o p e r t i e s  
can be independently rs t tmated.  Such measuremc es were considered by the  
1965 Fa lmuth  meetfng descr ibed e a r l i e r .  More recen t ly ,  NASA has  been con- 
e i d r r i n g  a Lunar Po la r  Orbiter mission a s  a follow-up t o  t h e  Apollo Program. 
I f  t h i s  mission c a r r i e d  pass ive  microwave radiometers,  i t  could map the  
b r igh tness  temperature g rad ien t  and t h e  parameter, b ,  which i s  the  r a t i o  of 
zicrowave to thermal e x t i n c t i o n  l e r g t h  over t h e  l u n a r  su r face .  Such an 
instrument could map t h e  v a r i a b i l i t y  of h e a t  flow a t  tk.8 s c a l e  of 100 b. 
o r  less. 
An instrument t o  be flown on a p o k r  o r b i t e r  has been proposed by a 
group a t  t h e  Ca i f fo rn ia  I n s t i t u t e  of Teeisnolog/. Work is now i n  progress 
on t h e  problem of i n t e r p r e t i n g  these  types  of da ta .  Maps of g loba l  heat  
flow over  the  e n t i r e  l u n a r  su r face ,  wht? combined with simtiltaneour mea- 
surements of t h e  s u r f a c e  e m p o s i t i o n  b) yamma-ray spectrometry and o t h e r  
techniques,  prcmises a synopt ic  view of t h e  moon's s u r f a c e  and bulk chemistry 
which would r i v a l  our knowledge of t h e  e a r t h .  
Future  I n  S i t u  Measurements of Lunar Heat Flow - - - - - - - - - - - - - - - - - - - - -  
Remote observat ions  re levan t  t o  lunar  heat  flow w:ll  always s u f f e r  from 
the  problem of m:':ing a unique i n t e r p r e t a t i o n  froa; the  d a t a  because of uncer- 
t a i n t y  i n  es t imates  of c e r t e i n  c r u c i a l  i n  s i t u  physical. p r o p e r t i e s .  Thus, 
a d d i t i o n a l  i n  s i t u  measurements of the  thermal p r o p e r t i e s  of the  lunar  s u r f a c e  
l a y e r  and the  heat  flow through the  lunar  su r face  w u l d  be extremely valuable  
because i t  would a l low a r e f i n e d  i n t e r p r e t a t t o n  of the  microwave r e s u l t s .  
Espec ie l ly  im~;r:sat is an improvement i n  t h e  abso lu te  value  of the  heat  slow. 
Baaed on our  present  knowledge of t h e  lunar  s u r f a c e  1-yer  and its thermal 
regime, accura te  r u r f a c e  heat-flow me?.surements cocld be made from a s c f t  
landin& s t a t i o n  of moderate s i z e  and c o s t .  
Surf ace  Heat Flow .---- 
The merhanical and thermal p r o p e r t i e s  of the  lunar  su r face  l a y e r  were 
rrt-iewed i n  Sect ion 111-A, Those p r o p e r t i e s  t h a t  most s t r o r g l y  in f laence  
fu tu re  heat-flow instrument des igns  a r e  reviewed here .  
1 )  The r r g o l i t h  is covered near ly  ever)-whers by a t h i n  2-L5 cm l a y e r  of 
r r l a t i v e l y  l o w  dens i ty ,  f i n e  grained to r '  and g lassy  powder t h a t  hu? extre-  
mely low t h m a a l  c r a d u c t i v i s i e s  on t h e  o rder  of 2 - 8 x v a t c l a n  OK. This 
l a y e r  has two imporcw,t e f f e c t s  on the  time-varying t h e m 1  s t r u c t u r e  of t h e  
rego l i th .  F i r s t l y ,  r a d i a t i v e  transfer is important and a s t eady  s t a t e  tempe- 
r a t u r e  d i f f e r e n c e  of s e v e r a l  t e n s  o f  degrees v i l l  be e s t a b l i s h e d  ac roas  t h i s  
l ayer .  Secondly, t h e  very low ~ h e m . 1  conduct ivi ty  w i l l  g r e a t l y  reduce t h e  
periodi:: v a r i a t i o n s  of temperature due t o  d i u r n a l  f luctc .a t ions  of the  s o l a r  
f l u x  a t  t k e  su r face ;  s e e  Sect ion V-A where t h e  d e ~ r h  dependency of the  am- 
p l i t u d e  and phase of d?.urnal v a r i a t i o n s  is shown. The e f f e c t  on the  mean 
temperature of t h e  t a d '  t i v e  t r a n s f e r  i n  t h e  upperzost  l a y e r  based on d a t a  
a t  tt .e Apollo 15 and 17 s i t e s  a r e  a l s o  shown. 
2) Below t h  low d e n s i t y  su r face  l a y e r ,  the  r e g - l i t h  f i n e s  a r e  densely 
packed, approachin& t t  maririum poss ib le  d e t s i t y  ( C a r r i e r ,  lg7L). The con- 
d u c t i v i t y  a t  these  depths is 4-7 times g r e a t e r  than the Rear sursace  mate r ia l .  
Conduct ivi t ies  of 1 t o  1.5 x 10'~ watts crn0IC-' gerp deduced from the  a t tenua-  
t i o n  of t h e  annual wave wi th  depth (Langseth e t  a l . ,  1976). Tne r e g o l i t h  exhi- 
b i t s  some s t r a t i f i c a t i o n  a t  t h e  mi l l imete r  and c e n t i m t e r  s c a l e  i n  t h e  l u n a r  
r e g o l i t h ,  based on t h e  g r a i n  s i z e  d i s t r i b u t i o n  ,*qd compcsition. Consequrntly , 
scme v a r i a b i l i t y  of t h e  thermal conduct ivi ty  cZn be expected. Despite t h s  
dens i ty  of  subsurface  m a t e r i a l  r a d i a t i v e  heat  t r a c s f e r  may s t i l L  be impcrtaV;- 
and any thermal axperiments such a s  those needed t o  rceasure the  thennal con- 
d u c t i v i t y  should produce temperature d i f f e r e n c e s  l e s s . t h a n  t h r e e  degrees.  
3) .Almost any disruptior:  of the  lunar  s u r f a c e  w i l l  r e s d t  iu a change 
i n  t h e  su r face  radf.ative m d  c h a m 1  p r o p e r t i e s  ac.d, the re fore ,  the mean 
s u r f a c e  t eapera tu re .  This change w i l l  produce a tyansiunt  d i s tu rbance  t h a t  
propagates slowly Fnnward from t h e  surface .  See Sectior. V-C whi;h shows 
examples of t h e  d i s tu rbance  indured a t  va r ious  depths by a 1 ° C  *.)lange i n  
su r face  -emperature over  a one a e t e r  radius  c i r c l e .  To avcid  disturbar,ce of 
any meamaremento by ?.,se e f f e c t s ,  the  r %asurement period should e.i the..: be 
const ra ined t o  a s h o r t  peziod a f t e r  i m t a l l a t i o n ;  o r  a very long period e f  
one year  o r  more so  t n a t  t r a n s i e n t s  can be observed acd e l ~ n i i t e d  from t h e  
t a t a .  
4 )  The measured heat-flow values  a t  Hadley R i l l e  and Taurus L i t t row 
2 of 1.4 and 2.1 watt/- induce v e r t i c a l  temperature g r a d i e n t s  on t h t  o r d e r  of 
a degree per  meter in t h e  subsurface  t o  depths  of about 2-3 meters. 
5) Heat f l o v  may vary l a t e r a l l y  over  t h e  l u n a r  s u r f a c e  a t  t h e  s c a l e  of 
a few meters due p r i n c i p a l i f  t o  v a r i a t i o n s  i n  t h e  r a d i a t i v e  p r o p e r t i e s  of 
t h e  very near  s u r f a c e  l a y e r  and t h e  lateral he te rogere f ty  c f  subsurface  ' 
thermal p roper t i e s .  Thus, with in  aay given region numerol;s meascrements 
should be made t o  measure aad average o u t  t h i s  v a r i a b i l i t y .  
6) The r e g o l i t h  l a y e r  is r e l a t i v e l y  easy t o  pene t ra te  wi th  a t o o l  of 
small , r o s s  secz -(-la1 a r e a  and a shzrp hard t i p  a s  was amply demonstrated by 
aumeroirs core  tubes d r iven  i n t c  t h e  s o i l  and pene t ra to r  t e s t s  c a r r i e d  ou t  
on t h e  - .mar su r face  by t h e  as t ronau t s .  
The c h a r a c t e r i s t i c s  descF5ed  above apply  over  a very l a r g e  propor t ion of 
t h e  l u n a r  surface .  There a r e  some i s c l a t e d  regions,however, where hard rock 
and higher  thermai c o n d u c t i v i t i e s  l i e  only  a few cent imeters  below the  srr- 
face.  The IR hot s p o t s  ( see  e.g. S h o r t h i l l ,  1972) i d e n t i f i e d  from ear th-  
based te lescopes  and l u n z r  o r b i t  Ofendell and Low, (1975) a r e  one such a r e a  .. If is  
a l s o  poss ib le  t h a t  on s lopes  g r e a t e r  than 10° t h e  r e g o l i t h  may be considerably  
th inner  than over  more l e v e l  a reas .  
The thermal and mechanical p r o p e r t i e s  of t h e  lunar  s o i l  l a y e r  descr ibed 
above a r e  such t h a t  a n  accura te  measurement of t h e  mean temperature g rad ien t  
( r e l a t e d  t o  t h e  s teady outward flow of hea t )  could be obtained by a probe 
i n s e r t e d  only one meter i n t o  the  lunzr  surface .  The g rad ien t  meascrement 
would be made i n  t h e  lower 70 ca. 
Figure V I I I - 1  shows a ccnceptual  des ign f o r  such an experiment. The 
main component is t h e  long needle  p r ~ b e  t h a t  makes the  temperature and con- 
d u c t i v i t y  measurements. This probe could be made c f  t i tanium a l l o y  tubing 
r i c h  a sharpened carbide  s t e e l  t i p .  i f  a r e l a t i v e l y  high conduc t iv i ty  m a t e r i a l  
such a s  t i tanium is used, t h e  needle probe must have 2. l a r g e  l eng th  t o  dia- 
c e t e r  r a t i o .  I n  t h e  des ign,  we recommend a r a t i o  of 200, which is more than 
adequate. 
The temperaturo p r o f i l e  would be measured by a s i n g l e  smal l  temperature 
element near  t h e  t i p  of t h e  needle ( t h e  prime temperature element).  Use 
a s i n g l e  element would reduce the  s t r i n g e n t  r e q c i r - a e n t s  on the  acccracy 
9 an a r r a y  of elements such a s  those used i n  t h e  Apollo ins t rumerr .  Thus, 
\ 
sensor  such a s  a the rmis to r  could be used. 
The temperature p r o f i l e  would be measured by d r i v i n g  the  probe, which is 
i n i t i a l l y  r e t r a c t e d  i n s i d e  t h e  housing,  slowly i n t o  t h e  s o i l .  A motor d r iven  
l e a d  screw and v i b r a t i n g  head a t  the  top of the  needle  probe accomplish t h i s .  
The probe makes t e a  o r  more predetermined s t o p s  on the  way down. A w a i t  a t  
each stop is made long enough t o  a l low c a l c u l a t i o n  of t h e  e q u i l i b r a t i o n  tem- 
p e r a t u r e  o f  t h e  ad jacen t  r e g o l i t h  m a t e r i a l .  For a probe 0.5 c a  i n  d iameter ,  
made o f  t i t an ium a l l o y ,  t h e  e q u i l i b r a t i o n  time is about a h a l f  hour. 
Addi t ional  s e n s o r s  a long t h e  probe (K-sensors) would be used i n  con- 
junc t ion  wi th  a s i n g l e  f i lament  wi re  running t h e  l eng th  of  t h e  probe t o  mea- 
s u r e  t h e  thermal conduc t iv i ty .  R e  technique f o r  conduct iv icy measurement is 
the  we l l  known needle  probe technique used i n  s e a f l o o r  geothermal s t u d i e s .  The 
a b s o l u t e  accuracy of these  sensors  is not  important .  A r e s o l u t i o n  of about 
0.003 K is required f o r  the  measurement and s t a b i l i t y  over  a s i x  hour per iod.  
The conduc t iv i ty  measurements r e q u i r e  about s i x  hours.  Xeasurements a t  a l l  
l o c a t i o n s  would be nade simu1:aneously. 
Measuring t h e  g r a d i e n t  wi th  t h e  'moving sensor '  technique can only  be 
used below depths  of about '30  cm, because of t h e  s i z a b l e  v a r i a t i o n s  i n t r o -  
duced by the  d i u r n a l  wave i n  t h e  n e a r  s u r f a c e  r e g o l i t h  and hea t  t r a n s f e r  
a long t h e  probe from t h e  housing on t h e  su r face .  
The ins t rument  should a l s o  inc lude  s u r f a c e  temperature thermometers. 
Lunar s u r f a c e  thermometers a r e  hard t o  des ign.  The primary temperature 
element s e e s  thermal r a d i a t i o n ,  and dur ing  t h e  l u n a r  day r e f l a c t e d  s o l a r  
r a d i a t i o n ,  from t h e  l u n a r  s u r f a c e  over  a f i e l d  of view of 2 T  s t e r a d i a n s .  
Over the  o t h e r  21T s t e r a d i a n s ,  t h e  sensor  s e e s  the  i n t e r i o r  of blackened 
copper c a v i t y ,  which is kept a t  a s  low a temperature a s  poss ib le .  The 
average i n t e r i o r  temperature of t h e  c a v i t y  is measured by a d d i t i o n a l  
thermometers. The c a v i t y  is kept r e l a t i v e l y  co ld  by s h i e l d i n g  i t  from d i r e c t  
s u n l i g h t  and g iv ing  i t  the  l a r g e s t  p o s s i b l e  view of o u t e r  space.  
The g reaces t  u n c e r t a i n t y  a r i s e s  from the  s o l a r  albedo which w i l l  be a 
f a c t o r  only  when t h e  sun is up. Thermometers wi th  an accuracy of a few 
t e n t h s  o f  a degree would be adequate t o  g ive  temperatures wi th  f a r  g r e a t e r  
accuracy than h e r e t o f o r e .  The s u r f a c e  temperature observat ion is required t o  
determine the  fo rc ing  temperature func t ion  a t  the  su r face .  
Surface  temperature obse rva t ions  a t  a s i n g l e  point  should be taken 
dur ing one l u n ~ r  day. This would a l low determinat ion of the  v a r i a t i o n  of 
sur face  temperature over a complete luna t ion  cycle .  From these  d a t a ,  
t h e  mean s u r f a c e  temperature and an es t imate  of t h e  parameter (K o c ) l 1 2  
of t h e  upper 10-15 cm of m a t e r i a l  can be  determined. 
Pene t ra t ion  of t h e  r e g o l i t h  would be accomplished dur ing e i t h e r  the  
lunar  day o r  lunar  n i g h t ,  depending on when t h e  most power was a v a i l a b l e .  
The subsurface  measurements could be accomplished i n  a?proximately t e n  e a r t h  
days. Temperature p r o f i l e s  measured by t h e  heat-flow probe would have t o  be 
cor rec ted  f o r  t r a n s i e n t  d i s tu rbance  caused by t h e  d i u r n a l  and annual va r ia -  
t i o n  propagating downward from t h e  su r face .  The instrument would o b t a i n  
s u f f i c i e n t  d a t a  t o  make these  c o r r e c t i o n s  q u i t e  accura te ly .  
This approach could be used on any p lane t  wi th  an extremely tenuous 
atmosphere and penetrable  s u r f a c e  l a y e r .  
Other Poss ib le  Technigues t o  Measure I n  S i t u  Heat Flow: ----------- ------------------------- 
The method of heat-flow measurement descr ibed above could only  be c a r r i e d  
on a s o f t  landing s p a c e c r a f t .  Another type of mission t h a t  has been considered,  
is t h e  so-called pene t ra to r  mission.  By t h i s  concept, small probes w u l d  be  
launched from an  o r b i t i n g  s p a c e c r a f t  and bury themselves i n  t h e  l u n a r  s u r f a c e  . 
layer .  The body of t h e  probes and i n t e r n a l  ins t ruments  would have t o  be of 
rugged design t o  withstand impact and pene t ra t ion .  There is a major tech- 
n i c a l  problem t o  using t h e  p e n e t r a t o r  technique on an atmosphereless p lane t .  
A r a t h e r  accura te  o r i e n t a t i o n  and guidance technique is required t o  a s s u r e  
v e r t i c a l  pene t ra t ion ,  o r  t h e  v e h i c l e  w i l l  be destroyed by shear ing  fo rces  
on pene t ra t ion .  
Such a p e n e t r a t i n g  probe would provide good pene t ra t ion  a t  most a r e a s  
on t h e  moon; deep enough s o  t h a t  undisturbed g rad ien t s ,  due t o  hea t  f l u x  
from t h e  i n t e r i o r  could be measured, a f t e r  the  i n i t i a l  hea t ing  dur ing pene- 
t r a t i o n  has d i s s i p a t e d .  The d i s s i p a t i o n  would requ i re  a t  l e a s t  two t o  t h r e e  
luna t ions .  A s e r i o u s  problem is t h e  h e a t  generated by any d i s s i p a t i n g  c i r -  
c u i t s  o r  power sources i n  the  penetrometer. Because of t h e  extremely low 
conduct ivi ty  of the  r e g o l i t h  m a t e r i a l ,  very  high temperatures would r e s u l t  
from very low power l e v e l s .  A t  t h e  present  time, the  p e n e t r a t o r  mission 
does no t  appear t o  o f f e r  an a t t r a c t i v e  p o s s i b i l i t y  f o r  accura te  lunar  heat- 
flow measurements. 
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APPENDIX A.  EARLY EXPERIMENTAL CONCEPTS 
* 
The ' tex t  of this sec t ion  is  la rge ly  extracted from a 1966 report  by 
Arthur D. L i t t l e  of a study of various c o n ~ e p t s  f o r  measuring the temqerature 
gradient i n  the r ego l i t h  and the  thermal conductivity.  
To guide the design of a probe t o  determine lunar  heat flow, we (ADL) 
establ ished a l ist  of "desirable  charac te r i s t ics . "  The r e l a t i v e  ranking of 
many a l t e rna t ive  concepts and se l ec t ion  of the probe design was guided by 
these charac te r i s t ics .  The desirable  cha rac t e r i s t i c s  a r e  f i r s t  outlined i n  
general tenns and then a number of spec i f i c  designs and t h e i r  advantages and 
disadvantages a r e  discussed. 
DESIRABLE PROBE CKARACTERISTICS 
F a i l  Safe 
An i d e a l  probe is  " f a i l  safe." That is, i t  i s  highly desirable  t ha t  the 
probe should be capable of yielding usefu l  da t a  even i f  one component fails. 
For example, there i s  an increased p o s s i b i l i t y  of f a i l u r e  of a probe with 
moving pa r t s ,  houever, by appropriate design such a probe would not become 
compl.etely useless.  
In s i t u  Calibration 
Both absolute and d i f f e r e n t i a l  temperatures are t o  be  measured. The 
heat flow experiment requires very high accuracy i n  the d i f f e r e n t i a l  measure- 
ments. t t  i s  advantageous t o  determine, a t  l e a s t  in te rmi t ten t ly ,  whether 
the d i f f e r e n t i a l  temperature s igna ls  a r e  r e d  o r  spunlous. A simple chedc 
is to  force the d i f f e r e n t i a l  sensors t o  
*Design Definition of Heat Flow Probe - 
Inc. 68399 
read the same temperature; a zero 
Summary Report by Arthur D. L i t t l e ,  
s i g n a l  i n d i c a t e s  t h a t  any t ransmi t t ed  s i g n a l  i s ,  i b  f a c t ,  due t o  a  temperature 
d i f fe rence .  I n  the  absence of an i n  s i t u  c a l i b r a t i o n  the  sensor  has t o  rnain- 
taia  the  o r i g i n a l  c a l i b r a t i o n  during launch, t r a v e r s e  t o  t h e  moon and obser-  
va t ion  per iod.  
Thermal Conductivity Measurements 
Thermal c o n d u c t i r i t y  of the  lunar  material has t o  be measured i n  the  
region where the  temperature gradient  is t o  be determined. Depending upon 
t h e  l o c a l  c m d u c t i v i t y  two techniques a r e  t o  be used. For low-conductivity 
mate r ia l s ,  an i n t e g r a l  heater-temperature sensor  is necessary.  For high- 
conduct ivi ty  a t e r i a l s ,  t h e  h e a t e r  and temperature sensor  must be separated 
a x i a l l y .  To determine a x i a l  inhomogeneities i n  the  lunar  m a t e r i a l ,  thermal 
conduct ivi ty  is  t o  be measured a t  d i f f e r e n t  a x i a l  l o c a t i o n s .  Thus, i n  any 
probe design a t  l e a s t  one hea te r  and two temperature sensors  have t o  be pro- 
vided. One of the  temperature sensors  can be the  same a s  t h a t  used t o  measure 
the  temperature g rad ien t .  
?iaximum I n t e r v a l  f o r  Temperature Difference Measurement 
It is  d e s i r a b l e  t o  measure the  axial temperature d i f f e r e n c e  over the  
t o t a l  probe length .  Addi t ional  measurements over a por t ion  of t h i s  l eng th  
o r  mul t ip le  probes a r e  d e s i r a b l e  i f  weight l i m i t a t i o n s  a r e  not  exceeded. 
S i m p l i c i t y  
The design of the  probe should s impl i fy  rhe experiment. Cer ta in  sensors  
requ i re  simple e l e c t r o n i c s ;  o t h e r s  do not  r equ i re  motion of any p a r t  r e l a t i v e  
t o  another .  S impl ic i ty  w i l l  i nc rease  r e l i a b i l i t y ,  r equ i re  l e s s  development 
work, and thus  shor ten development time and cos t .  
Emplacement 
The probe has t o  be designed t o  be compatible wi th  as t ronau t  human 
f a c t o r s ,  emplacement t o o l s ,  and packaging requirements.  both emplacement 
I a t  the required dopth and radial posi t ioning within the hole have t o  be 
I 
. 1 iitcomplished by an astronaut .  
! Low Axla1 Conducti-dtp 
1 
! To measure small temperature differences accurately i n  the lunar material ,  
I 
the probe must no t  behave as a thermal shor t  i n  the  , a r f a l  d i rec t ion .  Tha axial 
t h a d  res i s tance  of the  probe w a l l ,  insu la t ion ,  lead wires,  e tc . ,  must be 
large. 
Weight 
The probe weight should be a s  small as possible.  
Resistance t o  Vibration and Shock 
Each probe must be designed t o  meet ALSEP environment spec i f ica t ions  
without decreasing the operat ional  effect iveness  of the probe. 
Conceptual Probe Designs : 
THE: STATIC PROBE 
The s t a t i c  probe is the  simplest type. Temperature sensors a r e  placed 
a t  o r  near  the probe ends and held apart  by a lightweight,  strong, thermally 
r e s i s t i v e  s t r u c t u r a l  member.  A schematic diagram of t h i s  type of probe is 
shown i n  Figure 1. Two addi t iona l  temperatura sensors would be needed about 
8-12 aa from the end heater-sensor units t o  measure temperature when operat- 
ing the thennal-conductivtty experiment fo r  high-conductivity lunar mater ials .  
Additional temperature sensors  can be incorporated within the probe t o  
measure the gradients between d i f f e ren t  loca t icas ,  o r  two probes can be 
connected i n  tandem to  determine temperaturf. differences over an addi t iona l  
distance i n  the d r i l l  hole.  
The pr inc ipa l  disadvantage of the  s t a t i c  probe is the dependence on 
the absolute sensor s t a b i l i t y .  There is no way t o  c a l i b r a t e  the probe i n  - 
s i t u  t o  t e s t  t h a t  measured temperature differences a r e  r e a l  and not spurious. 
Lead Wires 
LEGEND: 
Isothermal Section 
a Insulation Section 
S Sensor 
H Heater 
SK Thermal Conductivity Sensor 
SCHEMATIC DIAGRAM OF STATIC PROBE 
Appendix A- 
This type of probe can only be used when the long-term s t a b i l i  +.y of the  
two end sensors can be ensured. However the thermal conductivity sensors 
on the probe wall do not need long-tam s t a b i l i t y  s ince they a re  only used 
t o  measure a temperature r i s e  during a shor t  t i m a  in te rva l .  
DYNAMIC PROBES 
In a dyaamic probe at l e a s t  one moving p a r t  is  incorporated within the 
probe, The dyanmic probe concepts can be subdivided according t o  the required 
movement: long, shor t ,  o r  very short .  Longmovement devices require  r e l a t i v e  
movement of one pa r t  over the  e n t i r e  probe length,  e.g., t o  be accomplished 
by a motor at the  l m a r  surface.  Short-movement devices require  movement 
over a few centimeters,  e.g., by a solenoid mounted on the  probe. Very-short- 
movement devices limit motion t o  a f r ac t ion  of a centimeter, e.g., a magnetic- 
latched reed switch. Lead wire bending should be kept t o  a minimum t o  prevent 
generation of spurious s igna ls .  It is convenient t o  simplify dynanic probe 
designs we have considered i n t o  two general groups, I n  one type, the  temp- 
e ra tu re  sensors a r e  thermally shor t  c i r cu i t ed  t o  obtain a zero reading. I n  
the other  type, a s ing le  sensor  is moved v e r t i c a l l y  up and down ins ide  the 
probe t o  sense the  temperature a t  various s t a t i ons ,  and to  ind ica te  any off- 
sets of temperature sensors.  
Thermal Switch Probes 
The thermal switch probe concept is i l l u s t r a t e d  i n  Figure 2. The two 
end sensors have been extended by "isothermal" bars  t o  points  near the center  
of the  probe. The open c i r c l e  a r ea  ind ica tes  a thermal switch zone. To avoid 
long recovery timea, the  two ends of the isothermal ex temions  should not be 
thermally shorted; therefore,  a t h i r d  "sampling1' sensor must be incorporated. 
Such a seneormust be light-weight (low thermal capaci ty) ,  insulated from the 
probe walls, and mounted so a s  t o  sample f i r s t  one end and then the other end 
of t h e  sx tens ioa  b a r s .  This sensor  could b e  d i f f e r e n t i a l l y  compared t o  a 
second sensor  loca ted  i n  e i t h e r  t h e  top o r  bottom i s o t h e r m i l  s e c t i o n .  I f  
tha  top ware chosen, then when t h e  thermal swi tch is closed t h e  sampling 
sensor  is  thermal ly  shor ted  t o  t h e  top s e c t i o a  and no s i g n a l  should be 
received from t h e  sampling Sensor. An automatic Zeto-of f set c a l i b r a t i o n  
is thereby achfemd.  
When t h e  sampllng sensor  i s  shor ted  t o  t h e  lower s e c t i o n ,  t h e  probe 
temperature d i f f e r e n c e  should be obtained.  This d i f f e r e n c e  may be compared 
t o  the  value  r e a d  by t h e  f i x e d  sensors  and thus  the  o f f s e t  of t h e  lat ter  may 
be checked. Rm thermal mass of the  sampling sensor  is s u f f i c i e n t l y  small 
so  t h a t  no s i g n i f i c a n t  v a r i a t i o n  i n  t h e  temperature of t h e  upper and lower 
sensors  occurs  during switching.  
The f i x e d  sensors  a r e  redundant i f  the  sampling sensor  onerates  satis- 
f a c t o r i l y .  'Imever, i f  t h e  sampling sensor  f a i l s  t o  opera te ,  t h e  f i x e d  
sensors  would provide a back-up s o  t h e  experiment need no t  be aborted. 
The thrrmal  swi tch  can be of s e v e r a l  t-ypes; w e  considered two types: 
The sampling sensor  can be c e ~ t e r e d  so  t h a t  an enclosed reed switc5 i s  
magnetically l a tched  t o  con tac t s  on e i t h e r  the  upper o r  lower extension b a r s  
(see Figure 24. 
The extension b a r  of the  upper sensor  can be made i n t o  an annulus wi th  
a n  i n s u l a t e d  b a r  extending through Its e n t i r e  l eng th  (sea Figure  2b). Near 
the end of t h i s  FtJsulated bar  is a high-thermal-conductivity s e c t i o n .  The 
lwer bar  has a pocket f o r  r ece iv ing  the  rod and t h e  sampling sensor  i s  
provided wi th  an annulus t o  a l l o v  passage of t h e  rod. The i n s u l a t e d  rod 
can be d r iven  by a solenoid  on the  top of t h e  probe. kihen t h e  sampling 
s e w o r  is  bridged by the  high-conductivity s e c t i o a  of the  rod t o  the  upper 
i s o t h e m l  arm, i t  is  thermally shor ted  t o  measure t h e  upper sensor  temperature.  
Solenoid Switch 
SCHEMATIC DLAGRAM OF PROBE WITH THERMAL 
SWITCH AND SAMPLING-SENSOR 
Appendix A-Figure 2 
LOGEND: -- 
a Isothermal Section 
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SK Thermai Conductivity Sensor 
Dmward wtFImnt of the rod cawer  the high-conductivity sec t ion  t o  mW8 
through the  sampling s m r o r  and thermally sho r t  t o  ,.- lower ewtenrion ba t .  
Oa8 disadvantage of the solenoid rv l t ch  is  the  r u c e r r i t p  of holding the 
r a m p u g  s a s o r  i n  po r i t i on  r ig id ly .  This c m  be dona by a x i a l  springs. 
U t 8 t r u t i v a l y ,  t he  seneor could be elfminated and incorporated i n t o  
the Ugh-cmductivi ty  sec t ion  of the solenoid-actuated rod. Shorting can 
be accomplirhed u bafore. Thr sho r t  t r a v e l  of the solenoid will reduca 
bending e f f e c t s  on the lead#. 
These concepts sa t i se  the requirement of providing a zero-offset c d i -  
b ra t ion  f o r  the  temperature gradient sensors.  Probes incorpatat ing these 
coacepts require  coasiderable developmat work, would be heavier and ham 
a lmr  udal t h e w  res i s taucr .  
MovLag Sensor 
This concept would wa a s ing le  movable senspr: t h a t  1s raised and lowered 
inside the probe sheath. To u t i l f ze  t h i s  mrthod, techniques must be ava i lab le  
t o  move a sensor over distances of 50 cm without introducing e f f e c t s  caused 
by the coi.litinual bending of lead wires. Figure 3 shows the moving sensor 
concept. Two 2ixcd sensors are plac,*d i n  the top and b o t t w  isothermal 
r e c t i m r .  The center  of the probe is enclosed by a thin-walled tube in s ide  
of vhich another thin-vrlied tuba mves  ve r t i ca l ly .  A mill  sensor is attached 
t o  the lower end of chis  tube. This sensor is an absolute  temperature-manuring 
device with a LOW heat  capmi ty  so t h a t  i t  rapidly reacher the upper o r  lower 
sensor tamperaturer without s ign i f i can t ly  a f fec t ing  t he  sensor temperature 
a t  tho88 locat ions,  To ca l ib ra t e ,  the sensor is lowarrd t o  the bottom s t a t i o a  
of the  probe. It is then raised t o  the top s t a t i o n  and another reading taken. 
The difference i n  temperature ahould agree with that read out m the f i r ed  
sensors. 
SCEEMATIC DtAGIW;vl OF PROBE WITH 
MOVING SENSOR 
Appendix A-Figure 3 
LEGEND: 
a Isothermal Section 
a Insulated Section 
S Sensor 
SK Thennal Coductivity Sensor 
As an a l t e r n a t e  feature,  other  heat statloas c.a be added a t  i n t e r v a l s  
along the probe. Betvaan ca l ibra t ions ,  the moving sensor can be located 
a t  any of these s t a t i o n s  t o  y i e ld  addi t iona l  temperature data.  Ln addi- 
t ion, the tuber can extend t o  much higher l eve l s  pod the motring probe can 
be used t o  d t o r  amplitudes and phases of the  "AC" thermal wave propagatioa 
downward from the Imar surface. The thermal conductivity can be determined 
at the top and bottom loca t loas  with two heaters .  If the  moving sensor f a i l s ,  
the moving probe degenerates t o  a s t a t i c  probe. I f  the f ixed sensors f a i l ,  
the device can s t i l l  operate t o  produce data.  
The mr,vfng sensor probe may be used without fixed sensors a t  the probe 
ends but the r e l i a b i l i t y  of providing the motion over long periods of time 
is such as t o  make i t  des i rab le  t o  have the  probe degenerate t o  a s t a c i c  
probe i f  fail*- of the moving p a r t s  occurs. 
TEMPERATURE SENSORS 
Platinum Resistance Bridge Sensors 
For the s t a t i c  probe only the platinum res i s tance  bridge is a su i t ab l e  
sensor capable of meeting the s t r i ngen t  s t a b i l i t y  requirements. Figure 4 
ah- the sensor design se lec ted  f o r  the measurements of temperature gradient .  
The sensor design has been deteioped spec i f i ca l ly  f o r  use i n  the probe. 
The physical configuration of the sensors, i n  the form of a hollow cyl inder ,  
allows them t o  be mounted i n  the probe with minimrnn d i f f i c u l t y  and t o  sense 
temperature with a tima constant not l imited by the sensor time response; 
i t  a l so  allows i n t e r c o ~ a a c t i n g  leads f o r  other  probes o r  sensors t o  pass 
unhindered. 
Each cylinder contains two platinum res i s tance  sensors of nominal 
500-ohm resis tance.  Each res i s tance  element i s  b i f i l a r  wound of 0.0015- 
iach platinum wire on an inner  platinum cyl inder .  Each element cons is t s  
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SCHEMATIC DIAGRAM OF PLATINUM RESISTANCE TEMPERATURE SENSOR 
of a long co i l ,  0.010-inch i n  diameter, l a i d  on a ceramic subs t ra te  i n  
such a way t h a t  only t h a  bottom port ion of each turn  of the c o i l  is em- 
bedded in t he  ceramic. This p a r t i c u l a r  mounting technique ensures t h a t  
tho wire is pure a f t e r  annealing and will remain pure. The design of the 
c o i l  provfdes res i s tance  t o  dimansional changes of the  subs t r a t e  and induced 
s t r a i n  changes of ra r i s taace ,  and assures a mgged mounting of the sensing 
elemant. 
It is this mounting technique t o  which we may a t t r i b u t e  the  outstanding 
sensor performance. The stability of the sensors i n  a bridge configuration 
was 2 millldegrees o r  be t t e r  a f t a r  meeting the  LEM environment shock, and 
random and s in8  vibration requiremants a s  well  as thermal cycling between 
1 9 5 ' ~  and 355 '~  (See Figure 5 ) .  
The element is protected by an outer  gas-tight platinum case, and the 
sensor cavi ty is f i l l e d  with helium. The sensor pinch-offs a r e  designed t o  
ndnlmize both leakage res i s tance  and gas l o s s .  The epoxy sea l ing  technique 
allows a gas-tight s e a l  with low e l e c t r i c a l  and gas leakage. 
The smaller temperature sensor is preferable  f o r  the thermal-conductivity 
measurements. It must be i n s t a l l e d  on the surface of the probe. TI present 
design consis ts  of platinum wire wrapped on a ring-shaped platinum sleeve and 
embedded i n  a ceramic cement. Because this sensor has to  measure the temperature 
r i s e  during a sho r t  tima in t e rpa l ,  no long-term s t a b i l i t y  is required. 
Later t e s t i n g  of these sensors  indicated t h a t  t h e i r  s t a b i l i t y  was nearly 
a s  good a s  the  more elaborate  sensor described above. The temperature his- 
t o r i e s  of these "ring" sensors on the lunar surface ind ica te  t ha t  they have 
held t h e i r  ca l ib ra t ion  within a few thousandths of a OK. 
Alternative Temperature Sensors 
We a l so  evaluated severa l  d i f f e r en t  movable probe-type temperature sensors.  
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Becawe this concept permits zero-offset c a l i b r a t i m ,  long-term s t a b i l i t y  
of the temperature sensors can be relaxed. The sensors considered include 
the  foUooring: 
- res i s tance  t h e m m a  t a r s  (platinum, n i  &el ,  carbon) 
-. thermocouples and thannopiles (iron-constantan, chromel-constantan, 
copper-cons tantan, gold-cobalt-copper 
- so l id-s ta te  detrices (thermistors,  doped s i l i con ,  germanium, g d U -  
umarsenide) 
- mechanical resonators (quartz crys t a b )  
property va r i a t i on  sensors (gas thermometers, nuclear magnetic resonance). 
h e n  we applied se l ec t ion  c r i t e r i a  such a s  documanted performance da ta  
t n  the  spec i f ied  mechanical and lunar  e n v i r o m n t ,  compatibili ty vfth e l ec t -  
ronics, development s t a tu s ,  and availabf li t y  f tom reputable suppl ie rs  to  
meet del ivery schedules, none of the temperature sensors could approach the 
ov.!r-all s u i t a b i l i t y  of the  platinum res i s tance  temperature sensors.  The 
s i l f c o n  carbide semi-conducting sensors and quartz  c r y s t a l  o s c i l l a t o r s  were 
thcs m a t  promising of those considered although they did not meet severa l  of 
the  se l ec t ion  c r i  t. d a .  When i n s t a l l e d  i n  the probe cable,  thermocouples 
can be used t o  measure the temperature changes within the borehole. 
The Praferred Probe Design: 
Because of i t s  s impl ic i ty  and the  demonstrated s t a b i l i t y  of the platinum 
re s iu t aac~?  thermometer ihe s t a t i c  probe design seems the bes t  approach a t  t h i s  
tima. The design of a s t a t i c  probe has been fu r the r  advanced and is  described 
i n  more d e t s i r  below. 
'Wc saparate  s t a t i c  probes are connected by a f l e x i b l e  cable so  t h a t  one 
is I r e c r l y  above the other  when i n s t a l l e d  i n  the borehole. This configuration 
can provide the dasired data  with grea te r  r e l i a b i l i t y  than a s ing le  s t a t i c  probe. 
The two probes, of i d e n t i c a l  construction, a r e  connected with a f l ex ib l e  
cable which permits the  whole assembly t o  be bent i n t o  a "U" shape. In  t h i s  
manner the probes and cables can be packaged t o  maat the requiraments of the 
ALSEP s c i e n t i f i c  equipunnt bay. 
The probes cons is t  of epoxy-fiberglass tubular  s t ruc tu re s  which support 
and house temperature sensors and t h e i r  associated e l e c t r i c a l  wiring, The 
probe s t ruc tu re  is designed t o  hold the components i n  a fixed re la t ionship  
and t o  pro tec t  the sensors, heaters ,  and i n t e r n a l  leads from the imposed 
mechanical and lunar environments. The s t ruc tu ra l -ma te r i a l s  have been chosen 
t o  provide a minimum axial thermal conductivity consiscent with minimum weight 
requirements. The probe s t ruc tu re  consis ts  of NO concentric t h i n r a l l e d  
filament fiberglass-epoxy tubes, spaced by f i v e  annular braces which a r e  
bond-ed in place. 
Thermal Conductivity Measurement 
Design C r i t e r i a  
A method f o r  determining lunar mater ial  thermal conductivity i n  the 
borehole is a required p a r t  of the 
we have used i n  evaluating various 
(1) 5 Measurement 
m3 on -3 
Ranga: 4 x 10 to 2 x 
Accuracy: greater  than 
(2) Power Available 
heat flow experiment. The c r i t e r i a  which 
design possibilities are  : 
100 mw. ( for  1 month) 
1 watt ( for  l e s s  than 14 days) 
(3) Timb Available 
1 month or  l e s s  i f  p ~ S S i b l e  
* This range recognizes the poss ib i l i t y  t ha t  an experiment might be surrounded 
by a so l id  rock i n  the regolf th .  
(4) Temperature Measurement Cababili t y  
Range: 0 - 2 9  d i f f e r e n t i a l  (porsibly two fourfold-amplification 
Accuracy: + 0. 0 0 1 ~ ~  
kximm Enviroument Temperature Allowed: 4 0 0 ~ ~  
(5) Temperature Readdut  Interr ta ls  
10 mln ( for  s ing le  point raad-out: 1 min) 
(6) Design 
The devLce must be a compatible pa r t  of the heat f low probe, 
and should meet a l l  operat ional  requirements f o r  the s t a t i c  probe. 
Because the probe w i l l  not be i n  physical  contact n i t h  the lunar  
borehole, hea t  t ransfer  betwaen the  probe and the  lunar mater ial  
w i . U  be by rad ia t ion  only. If necessary f o r  obtaining a conductiv- 
i t y  masuremeat, s o l i d  contactors could be added t o  port ions of the  
probe. 
(7) Multiple Determinations 
I f  possible,  t o  ind ica te  e i t h e r  homogeneity o r  s t r a t i f i c a t i o n .  
Experiment Concepts : 
k 
Thermal Conductivity (k) and/or t he rma l  d i f f u s i v i t y  (Tcj may be determined 
by placing a control led heat source within a qedium and measuring temperature 
a t  a point i n  the system. A heater-temperature sensor arrangement which appears 
most su i t ab l e  f o r  t he  present appl icat ion i s  shown in Figure 6. Since the 
possible  raage of lunar mater ial  thermal conductivity values extends over two 
orders of magnitude, twci modes of operation a re  required. 
In the  "Low Kt' mode tha heater  is turned on and i ts temperature is measured 
or a functiun of tima. A t yp ica l  power l e v e l  of 1-5 d l l i w a t t s  produces about 
a 2OIC d y l v d c  range requirement f o r  the  ternparatun sensor.  The steady-state 
temperatuta level is related to both the lunar materiql thermal conductivity and 
the resistanca across the radiation gap between the heater and the moon. If 
the radiation resistance can be estimated with sufficiant accuracy, then the 
the& conductivity may be computed. 
Should the luau material. ba highly conductiva, then the radiation gap 
resistance becomes large -- relative to the effective lunar resistance. A 
small error in predicting the radiative flux can be aaplified by as much as 
twenty times in the thermal conductivity estimate. Although the gap resistance 
could be reduced by the w e  of solid contactors, the uncertainty Fn estimating 
contact conductance becomes very great due to the strong dependence of the 
conductance on the unknown structure of the borehole surface. 
Therefore, if the Low R made temperature level indicates a high luaar 
conductivity (which, however, cannot be resol& .within a + 1 0  per cent accuracy), 
a second type of thermal conductivity experiment fs carried out. In Hi-K 
mode, the heater power is suddenly raised to a continuous level of about one 
watt. Temperature sensing is initiated at a location on the probe about 8-10 
cm away from the center of the heater Cagain for a 2 ' ~  d p a d c  range). For 
the fdeal case o f  a perfectly fnsulating probe, the temperature monitored in 
the moon at a specified distance away from the heat source wll1 be determined by 
only the rate of propagation of the thermal wave through the lunar materfal. 
The time derivative of this temperature-ttme curve -1 have a maximum value 
which fs inversely proportional to the densftg-heat capacity product (pc) of 
the moon and a peak wfdth or position on the time axis which is related to 
thermal diffwivtty. If these two quantities can be meaaured with sufficient 
accuracy, t h e m  conductivity can also be determined, 
In a p rac t i ca l  system, severa l  r e a l  e f f e c t s  decrease the s e n s i t i v i t y  of 
the measurement. h e  probe sec t ion  between the hea ter  and the Hi-K mode sensor 
must be designed to  prevent the e f f e c t s  of thermal short ing down the probe from 
masking the s igna l  in the  won.  In  addi t ion,  the thennal mass of the Hi-K mode 
sensor must be d l ,  so tha t  the& i n e r t i a  i n  the sensing device does not 
a l t e r  the t r ans i en t  response of the da t a  s igna l .  Both of these r e a l  e f f e c t s  have 
been considered and it appears f ea s ib l e  t o  use the Hi-K mode i n  the  conductivity 
range of 4 r t o  about 4 x low4 watts/cm'%. For lower thenual conduct iv i t ies ,  
the short ing e f f e c t  of even a well  designed probe becomes s ign i f i can t .  The 
time required f o r  the measurement in t h i s  case becomes appreciably longer than 
severa l  hours and the  l a rge  amount of energy t ransferred t o  the moon requires  
an excessively long time t o  d i s s ipa t e  (several  weeks). For these reasons, use 
of the  Hi-K mode is suitablp, only f o r  measurements 3t the high end of the 
possible  conductivity range. However, t h i s  is the range where Low-K mode 
measuring capabi l i ty  is poorest. Used together ,  the two methods complement each 
o ther  and can meet the experimental requirements. 
The time required f o r  making the thermal conductivity measurement is l e s s  
than a month f o r  both methods. For low conductivity,  measuring times can 
become long, s ince  an approach to a steady-state temperature l eve l  is required. 
The time sca l e  is longest f o r  the lowest thermal conductivity to  be determined 
-- about 10-20 days. %n the HI-K mode, the  tfme sca l e  of the experiment is 
grea t ly  reduced, both because of the higher thermal conductivity and because 
t r ans i en t ,  ra ther  than steady-state,  da ta  a r e  obtained. However, f o r  a lunar  
mater ial  thermal conductivity of about 4 IC vatt/cm°K a heating period of 
about 6 hours a t  a 1 watt source l e v e l  is estimated. The time required f o r  
the gradient r e su l t i ng  from the heating t o  decay to  f i ve  percent of the undis- 
turbed lunar gradiant  ranges from about 20 days f o r  the case j u s t  mentioned ,down 
to  about tpro days f o r  a mater tal  of high thermal conductivity,  
Design of Thennal Conductivity Apparatus 
The components required f o r  measurement of lunar  a a t e r i a l  thermal conductivity 
by the methods described are:  
Lo-K mde: A hea ter  which is i n t e g r a l  u i t h  a s t ab l e ,  s ens i t i ve  temperature 
sensor and is rad ia t fve ly  coupled t o  the  moon. 
Ri-K blode: A hea ter  located about 8-10 cm away from a sens i t i ve  tentperamre 
sensor. The sensor should b e  l ightweight (%1 gm) , but long-term s t a b i l i t y  is not 
required. The heat  flow down the probe sec t ion  should produce a temperature r i s e  
a t  the corresponding point fn the  w o n  -- the probe wall  should not a c t  a s  a 
thermal shor t .  
The desfgn. is indicated*.ln ~ i ~ u r e  6. One such conductivity instrument is 
located a t  each probe end. The heater  is mounted d i r e c t l y  ck one of the main 
platinum temperature sensors,  The sensor has  been assumed t o  have a dynamic 
range of Z0K and a s e n s i t i v i t y  of 1:2000. The heater  winding forms a cylin- 
d r i c a l  heat source of about 2 cm diameter and 2.5 cm in length. I n i t i a l  es- 
t imates,  which will require  fu r the r  refinement i n  terms of e i t h e r  a de ta i led  d i g i t a l  
or  analog simulation of the ac tua l  system, ind ica te  t ha t  the power d iss ipa t ion  i n  
the hea ter  w i l l  be about 1-5 milliwatts f o r  the  Lo-K mode operation (law conduc- 
t i v i t y  range) and about 1 watt f o r  the Hi-R mode (high conductivity range). On 
the bas is  of a 29 v o l t  (maximum) power supply, the hea ter  winding should have 
an e l e c t r i c a l  res i s tance  of about 840 Q. , 
The Ri-K mode sensor, located about 10 cm away from the center  o f  the 
hea ter ,  can have the same range and s e n s i t i v i t y  a s  the main brtdge sensor. 
r)RIGm& PAGE IS 
POOR QUALITY 
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The smaller sensor w i l l  a l so  be a platinum bridge designed to have a t o t a l  weight 
of about two gram,  with s t a b i l d t y  required only f o r  periods of several  hours 
(as opposed t o  t he  l a r g e r  main sensors which must be s t a b l e  f o r  a year).  The 
sensor wdll be lnouated in a conducting band (width about 0.5 cm) which enc i rc les  
the body of the probe. 
The two small sansors on each probe (one toward each end) d l  each form half  
of a platinum bridge. Only one heater  vlll be run a t  o time and the f a r the r  
sensor wf l l  a c t  as a reference. The wires connecting the bridge w i l l  be run 
along the ins ide  of the probe body w a l l  t o  prevent equi l ibra t ion  with the main 
cable bundle. Power and s igna l  leads to the bridge w i l l  be introduced a t  the 
midlength ? o h t  where thermal shor t ing  from the hea ter  down the main cable  
bundle w i l l  be a t  a minimum. 
The inner  tube which holds the cables may a l so  a c t  as a thermal sho r t .  To 
reduce *his e f f e c t ,  the sur faces  of the  cable sheath and the ins ide  of the 
probe body a r e  s i l ve red  f n  the  region between the hea ter  and the remote sensor t o  
prevent r ad i a t ive  t r ans fe r  t o  the probe body from the cables.  (These surfaces 
a r e  black in regions outs ide of the H i - K  mode experiment zone). h e  outs ide of the 
probe body is black to  permit heat l o s s  from the probe w a l l  t o  the hole  w a l l ,  
thereby grea t ly  reducing the thermal short ing down the probe. 
Final Desim, Cal ibrat ion and Data In te rpre ta t ion  
Although i n i t i a l  probe design has been based on va l id ,  but approximate, 
models which can be t rea ted  ana ly t i ca l ly ,  a de ta i led  model including a l l  the 
i n t e r r e l a t ed  e f f e c t s  of heat t r ans fe r  between and within probe components a s  w e l l  
a s  between the probe and various types of possible lunar mater ials  is r e w i r e d  
f o r  orobe ca l ib ra t ion  and accurate in te rpre ta t ion  of  data.  
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Such a model can be e i t h e r  c d i g i t a l  computer program fo r  the ac tua l  systam 
o r  an e l e c t r i c a l  malog  simulation. The l a t t e r  method has much to  o f f ~ r  i n  
terma of ease of formulation, low cos t  and inherent f l e x i b i l f t y ,  but  r e s u l t s  
a r e  l imited in accuracy by the  we of components of 2 1 percent precision. 
Since the  temperature sensors a r e  designed f o r  a 1:2000 reso tu t ion ,  the  e l e c t r i c a l  
analog l a  not s u f f i c i e n t l y  accurate t o r  masurements requir ing f u l l  resolut ion 
over the  ent1:e dynamic range of the sensor.  In the Hi-K modr conductivity 
experiment, f u l l  temperature reso lu t ion  is required ao tha t  accurate values 
of the cirlnperature der iva t ive  can be obtained. However, e r ro r s  i n  evaluating 
the temperature der iva t ive  can be avoided in the e l e c t r i c a l  analog by direcc, 
measurement of curzant (proportional t o  the der iva t ive  of voltage).  The 
e i e c t r i c a l  analog eherefore appears to  be su i t ab l e  a t  l e a a t  f o r  f ? a a l  d e ~ l g n  
purposes and f o r  ca l ibra t ion .  A d i g i t a l  model may a l so  be w e d ,  and although 
w d e l  formulation probably would require  a major programing e f f o r t ,  the 
computer s iwr la t ion  would be more accurate  acd more su i t ab l e  f o r  f i n a l  i n t e r -  
p r e t a t i m  of r e su l t s .  
A d i g i t a l  computer program, wr i t ten  and mu by Professor Sydney Clark 
(coinvest igator ,  Yale University) has yielded temperature-time curves f o r  
var ious system designs over the an t ic ipa ted  range of lunar parameters. 
Although the r e s u l t s  have been u t i l i z e d  t o  demonstrate the e f f e c t  of various 
design parameters f o r  d f f f e ren t  lunar  mater ials  the w d e l  is approximrte ~ i n c e  
the  probe  has been t rea ted  a s  a so l id  cy l ind r i ca l  rod. 
% 
Figure 7 presents curves computed by the Clark program f o r  an e f f ec t ive  probe 
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conductivity of 10 cal/cm rec°K. This is equtvalent to  a probe thermal rests- 
tonce of about BOO*K/vatt cm which is qui te  c lose  to  the ant icipated thermal 
res i s tance  ' for  the a c : d  probe. (The probe body is the main conduct~oa path 
since the cables and center rod are weakly coupled to the wall in this region.) 
Ln the Lo-K mcde operhtion (low thermal conductivity range) , steady-state heater 
temperature level i,o used to find thermal conductivity. Although the program was 
only run for 14 hours (real time), it is evident that steady state has been reached 
for the 'rock' material and is being approached quite closely for the 'vesicular' 
material. At steady-state, lunar density should not affect the temperature level. 
The difference due to density for the 'powder' material appears large, but is a 
manifestation of strong transient effects which would disappear after about 
twenty days (esthte of steadystate time based on computation for similar spherical 
source). The steac,-state temperature level for this case would be about 3OK. 
A large separation in steady-state level due to variation in thermal conductivity 
occurs in the range of 10-5<kwon 
-4 < 10 cal/cm sec°K. However, resolution by the 
Lo-K m d e  becomes poor in the high conductivity range. The initial temperature, 
indicated at ten minutes, is due primarily to the temperature drop across the 
radiation gap between the heater and the moon. Small errors in predicting the 
radiation resistance can vary the s teady-s tate level in this ' rock ' material 
range so much that a 2 10 percent estimate of lunar conductivity cannot be made. 
Although increasing heater power would increase the temperature amplitude of the 
results, the relative error would remain the same. 
Consequently, Hi-K mode operations should be used if data from the Lo-K 
mode indicate a high thermal conductivity. The Clark model was used to esti- 
mate temperature at the probe surface for various distances between heater and 
sensor locations. Figure 8 shows the time der?vativr of computed temperatures 
at a pofnt 8.075 cm away from the cevter wf the heater, The original temperature 
curves at t lis point are similar in s h a p ~  to those in Figure 7. For a one watt 
heater output, the peak amplitudes n f  the derivative curves range from about 0,010 
to  0.03SbK/mfs Tzelated to  density values for  lunar material from 0.5 t o  2.0 cm/cc. 
Since a one d n u t e  tima in terval  Is small compared to  the time scale of the peak, 
temperature differancam should be taken on the baais of tima increments of several 
minutes t o  reduce e r ro r  due t o  the 5 O.OOI°K uncertainty in temperature deter- 
mlmtion (i.e., the temperature-rime cumea should be smoothed befare the i r  
derivativas a re  taken). 
The time a t  which the nmximm occurs (or some other characteristic the,  such 
as tha t  elapsed between the half-amplitude and full-amplitude points (can be wed 
to compute thermal diffusivi ty.  Therefore, thermal conductivity is related t o  a 
r a t i o  b e t w t ~  the t h e  scale of the peak and the peak ampiitude. 
-3 2 In Figure 8, the thermal d i f fus iv i tp  for  the 1.0-r peak is 3 x 10 at /sec 
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and for  the higher, 10 cm /see. The separation between ptaks is in about the 
same ra t io .  The. Clark mddel indicates that thermal shorting through the probe 
is not serious. Less resolution would be obtained for  a r ea l  probe because of 
two effects:  (I) the coucentrated thermal mass of the sensor, and (2) the 
temperature averaging due to  the f i n i t e  width of the sensor ring. With a sensor 
weight of 1-2 grams and a width of 0.5 - 0.8 cm, adequately resolvable data 
should be obtained. However, data interpretat ion using a fair11 exact computer 
Cor analog) model would be necessary to compensate for  these zffects .  

APPCTbIX B. THE DEVELOPMENT OF THE LUNAR SURFACE DRILL 
What follows is a b r i e f  h i s to ry  of the development of the Apollo Lunar 
Surface D r i l l  (ALSD). This t oo l  went through severa l  s tages  of d e ~ a ~ o p m e n t  
and was t he  main pr.occupation of t he  Lunar Beat-Flow Experiment. Thz bas ic  
design f o r  the  heat-flow probes was decided by the  end of 1966 and, compared 
t o  the  d r i l l  developmemt and tes t ing ,  vent  smoothly. With t h e  s t a t i c  probe 
design which was preferred it was c l e a r  t h a t  a hole i n  which i t  would be 
placed had t o  be predri l l&.  Based on the range of conduct ivi t ies  t h a t  were 
thought l i k e l y  t o  character ize the lunar. r ego l i t h ,  i t  w a s  determined t h a t  
the  meter long probe sec t ions  should be buried between two and three meters 
below the surface. A t  these depths the  surface va r i a t i ons  of temperature 
would be barely detectable.  
Two problems loomed l a rge  and were d i f f i c u l t  t o  define: 
1. Would s o l i d  rock be encountered; and i f  so, how much should the  U S D  
be designed to  penetrate  t o  guarantee a th ree  meter hole? 
2. Would the hole  col lapse a f t e r  the d r i l l  w a s  extracted? 
Results from Surveyor Hissions indicated t h a t  rocks l a rge r  than a f e w  
centimeters were prevalent. What the  d i s t r i bu t ion  of s o l i d  rock fragments 
in the subsurface was, w a s  a matter of conjecture. I f  they were a s  numerous 
as they a r e  on the surface, then there was a f i n i t e  chance t h a t  a rock 20 an 
o r  less would be encornrt~red when d r i l l i n g  a three meter hole.  Thus, we 
spec i f ied  tha t  the ALSD should be capable of penetrating a t  l e a s t  a 20 cut 
sect ion of s o l i d  rock with a hardness s imi la r  to  t e r r e s t r i a l  basa l t s .  
The s o i l  mechanics t e s t s  car r ied  out on the Surveyor Mission indicated t h a t  
the  lunar  s o i l  was not very cohesive; consequently, there was some likelyhocd 
t h a t  the hole would col lapse a f t e r  the d r i l l 'was  extracted. The probe design 
se lec ted ,  with two tandem probe sec t ions  f l ex ib ly  connected would be exrremely 
hard to i n s e r t  i n to  an open bare-walled hole i. any case. Consequently, w e  
concluded t h a t  some means t o  s leeve the bole  would be required. 
Hard - iiock D r i l l %  
From the  s t a r t  of the d r i l l  development, the working design put foward  
by Martin Marietta ( the prime contractor  fo r  the ALSD) was an open faced b i t  
of r a the r  narrow kerf.  The outside diameter of the hole would be about one inch 
and the I D  of the d r i l l  was 0.8 inches. Such a design would, of course, obtain 
a core sample of the mater ial  through which i t  d r i l l e d .  
Appendix B-Figure 1 
For the b i t  t o  be ab le  t a  cu t  through s o l i d  c r y s t a l l i n e  rock, using 
relatively low power and a small downward force (an astronaut  on the luaar sur- 
face could apply a downward force of only approximately 30 l b s ) ,  a rotary- 
percussive act ion vas wed. If properly designed, t h i s  allowed the b i t  t o  
ac tua l ly  ch i se l  the rock face  and not  grind i t  away a s  ro ta ry  diamond d r i l l s  
do. The optimum des ign  f o r  a b i t  face  was achieved a f t e r  considerable tes t ing .  
An excerpt from the  win Marietta final report  follows, descr ibing the  
developments and t e s t i ng  of a core b i t  and conclusions. 
Core - B i t  O p t i m i t a t h  
The object ive of these t e s t s  w a s  t o  develop a core b i t  with a cu t t i ng  t i p  
geometry and material  which would d r i l l  r e l i a b l y  (minimum degradation) and 
e f f i c i en t ly  (uaaximm penetration r a t e  with minimum power consumption) when 
powered byalight-weight,  low energy power head. These cha rac t e r i s t i c s  were 
required f o r  a l l  lunar material simulants such a s  dense basa l t ,  ves icu lar  
basalt, scoria ,  pumice, and conglomerates. 
Optimization of the core b i t  was ?t imarf ly accumplished using the dense 
basa l t  a s  a standard because of i ts tougher d r i l l a b i l i t y  cha rac t e r i s t i c s  and 
its homogeneity, which was.conducive t o  t he  performance of repeatable  t e s t s .  
Subsequent t e s t s  Indicated tha t  the ves icu lar  basa l t s ,  although e a s i e r  t o  d r f l l ,  
can of ten  r e s u l t  in g rea t e r  degradation of the  core b i t  than the dense basa l t .  
This f ac to r  had t o  be taken under consideration durfng design f ina l iza t ion .  
Lease Basalt  'Standard' E a r a c t e r i s t i s  - The NASA furnished dense basa l t  
standard, which represented the  maximum d r i l l i n g  energy requirement of the 
lunar  mate t ia l  simulants, was subjected to  a s e r i e s  of t e s t s  (15) to determine 
its charac te r i s t ics .  The uniaxial, ultimate,  compressive s t rangth  o f  the sample 
was measured a t  21,732 p s i  (average) and the average shore hardness was 41.6 
with a standard deviation of 223. Drop t e s t s  were conducted i n  accordance 
with  standard procedures using 60' and 90' wedge b i t s  i n  the energy range of 2 
to  20 foot  pounds a s  shown in  Figure 1 . , Using the data  f o r  the 90' b i t ,  i t  
was calculated tha t  the ALSD operating a t  a percussive blow r a t e  of 2250 bpm . 
would require  a b i t  delivered energy of 27.6 inch-pounds per blow t ~ .  maintain 
a 2 inch/minute penetration ra te .  Assuming a power head output energy o f  30 
inch-pounds, a cut t idgsscavengingloss  of 20% and a 10% energy l o s s  per extension 
tube, the folloving empirical ALSO penetration r a t e s  were calculated: 

Number of Extension with B i t  Penetration Rate (In. /Mine ) 
1 1.26 
2 I. 09 
3 0 .93  
4 0.81 
These predictions did not take i n t o  account the benef i t  derived from 
optimization of blow indexirrg, which, a t  the  time of i n i t i a l  power head 
design, was believed by most researchers t o  be of l i t t l e  o r  no benef i t .  
Core B i t  Test Summaq - Throughout the performance of t h i s  program, 
approximPtely 100 development b i t s  were tested.  In  general,  the  b i t s  were 
designed and fabricated in groups of 6 t o  15 each, tes ted ,  and the r e s u l t s  
of the t e s t s  and redesign recommendations forwarded t o  the core b i t  contractor  
f o r  incorporation in subsequent t e s t  groups. Major design var ia t ions  included 
t i p  geometry and t i p  mater ial  (tungsten carbide) chemistry. Minor var ia t ions  
Fn t i p  brazing techniques and core b i t  body geometry were a l so  s tudied p r io r  
to  se lec t ion  of the f i n a l  design. 
Most of the optimization t e s t s  (16-21) were conducted using the equipment 
i l l u s t r a t e d  in Figure 2 . . With t h i s  arrangement i t  was possible t o  accura- 
t e l y  cont ro l  the  axial b i t  force  and power head input vol tage while monitoring 
rpm, penetrat ian r a t e  and power consumption of the system. 
Typical b i t  configurations tes ted  included those I l l u s t r a t e d  i n  Figure 
3 ,  where 3,  4 ,  and 5 t i p s  per b i t  of a s ing le  geometry and tungsten carbide 
chemistry were tes ted  t o  inves t iga te  the e f f e c t s  of index variat ions.  The 
advantage of indexing was c l ea r ly  demonstrated during these pa r t i cu l a r  t e s t s .  
Tests c l ea r ly  demonstrated tha t  the 3 and 5 carbide t i p  b i t s  outperformed 
the  4-tip version due to  improved indexing. A t  t h i s  point in the ALSD develop- 
ment program, a decision was made t o  replace the  o r ig ina l  4-tip design b i t s  
with the 5-tip configuration. Although the  3-tip design indicated s l i g h t l y  
super* o r  performance, the  b i t  tended t o  ' cha t t e r '  excessively during operation 
and it was ant icipated tha t  rapid degradation of the t i p s  would occur. 
Another factor  demonstrated during the performance of the core b i t  t e s t  
program was the importance of optimum axi;^t b i t  force t o  obtain maximum 
penetration r a t e  a t  a minimum power consumption. Data c l ea r ly  i l l u s t r a t e  
the s ignif icance of optimum a x i a l  b i t  force In dense basa l t .  B i t  force is 
not a s  c r i t i c a l  in  s o f t e r  rocks such a s  s c o t l a  o r  ves icu lar  basa l t ,  5ecause 

of the lover energy threshold required f o r  predictable  fractur ing.  
Final Core B i t  Selection - The core b i t  t e s t  program indicated tha t  a 
---I -N.- 
compromise design was mandatory i n  order  t o  meet the ALSD d r i l l i n g  require- 
ments in a l l  lunar simulant mater ials .  The harder tungsten carbides (91.3 RA) 
possess good wear cha rac t e r i s t i c s  in dense basa l t ,  but tend t o  f r ac tu re  i f  
operated under l i g h t  loads. Tip geometries which perfonn a t  high pane- 
t r a t i on  r a t e s  and low power consumption tend t o  degrade rapidly. The fioall 
bas ic  coaf igura t ioa  selected La de ta i led  i n  MMC drawing PS600100023-11. A 
minor w d i f  i ca t ion  was incorporated, as shown on MMC Drawing 467A8050000-011, 
t o  ensure tha t  a uniformly round mater ial  (89.3 RA) cons is t s  of 87% WC and 
13% cobalt. " . 
Drill Stem 
To d r i l l  a three meter hole addi t iona l  tubing would be needed to  produce 
a d r i l l  stem somewhat loager than three meters. The wall  thickness of the 
tubing had t o  be l e s s  than the f i t ' s  kerf width of 0.1 inches (2.54 mmj. To 
remove cut t ings from the hole while d r i l l i n g ,  s p i r a l  f l u t i n g  was required on 
the ex ter ior  wal l  of the tubing. To f i t  in the  stowage bay on the 'LEH i t  
would be necessary t o  break the  d r i l l s t em down in to  lengths no grea te r  than 
22 inches (55.88 cm). These requirements ca l led  f o r  a high strength. A 
titanium a l loy  was then found to be the bes t  su i ted  t o  a l l  of these require- 
ments and it had the addi t ional  advantage of l i g h t  weight. 
A c r i t i c a l  par t  of the  design was the j o i n t  to  connect and disconnect the 
d r i l l  stem sect ioas .  The Martin Marrietta design was a threaded type j o i n t  t ha t  
could be made i n  a s ing le  turn. When mated, the f l u t e  cont inui ty was preserved 
and the stem walls remained flush. A spec ia l  lubr ica t ing  coating was applied 
t o  the  j o i n t  surfaces so t h a t  they would not se ize  up during d r i l l i n g .  
h v i n g  t h i s  type of j o i n t  produced some ser ious human engineering problems 
f o r  the astronaut.  To uncouple the d r i l l  s t r t n g  a s  it was re t rac ted ,  a 
spec ia l  t readle  was designed. This t readle  was res t ra ined  by the as t ronaut ' s  
foot as  he d r i l l ed .  It incorporated a hole to  guide the stem and a bu i l t - i n  
clamping arrangement t ha t  restrained the d r i l l  stem a t  the t readle  while the 
astronaut disconnected the corehead and the stem sec t ions  f i l l e d  with core 
material  . 


Powerhead 
To provide t h e  r o t a r y  and percuss ive  motions t o  t h e  d r i l l s t e m ,  a b a t t e r y  
operated powerhead was developed by Black and Decker Manufacturing Company 
f o r  t h e  ALSD. The poworhead cons i s ted  of an e l e c t r i c  motor of about a h a l f  
horsepower which provided torque t o  t h a  drFLlstem coupling and recocked a 
s p r i n g  dr iven hemmer, which f e l l  on an anvil coupled t o  t h e  top of t h e  d r i l l -  
stem during each revo lu t ion .  The u n i t  was housed in a pressure- t ight  case  
so  t h a t  i t  could mr in ta in  n i t rogen  gas  a t  a tnospher ic  pressure  t o  help  main- 
t a i n  the  i n t e r n a l  p a n s  a t  low temperature. 
Saving t h e  Hole -- 
O r i g s ~ l l y ,  t h e  d r i l l  system was designed without any provis ion t o  i n s u r e  
t h a t  the ho le  s tayed i n t a c t  so t h a t  t h e  heat-flow probes could be  i n s e r t e d .  
Consultat ions with s c i e n t i s t s  working wi th  t h e  surveyor r e s u l t s  i n d i c a t e d  t h a t  
cohesion of t h e  r e g o l i t h  was too low t o  support  a bare-walled ho le  and we were 
advised t o  provide some type of s leeving.  
The f i r s t  a t tempts  t o  provide such s leev ing  used t h i n  walled f i b e r g l a s s  
tubes t h a t  joined together  by f o r c e  f i t t i n g  matching t a p e r s  c u t  i n t o  t h e  ends 
of t h e  tubes. The bottom tube was f i t t e d  wi th  a con ica l  head. The s leev ing  was 
designed t o  be powerdril led i n t o  p lace  a f t e r  t h e  ho le  had been completed. 
Some t y p i c a l  des igns  t h a t  were t r i e d  a r e  shown in Fiqures  4 and 5. 
R e ~ l i t h  Model f o r  Tes t ing  t h e  ALSD -- -- 3--- ----- 
Early i n  the  development program i t  was c l e a r  t h a t  a f u l l  s c a l e  t e s t  bed 
of the  lunar  r e g o l i t h  would be needed t o  eva lua te  the  d r i l l  performance. 
The f i r s t  such t e s t  bed was canst rucred a t  t h e  Martin Mar ie t t a  p l a n t  i n  
Baltimore, Md. lamont-Doherty Geological  Observatory undertook t h e  design 
o f  t h e  th ree  meter deep r e g o l i t h  modal. The b a s i c  ingred ien t  of t h e  model 
vas powdered b a s a l t .  Using p a r t i c l e - s i z e  d i s t r i b u t i o n s  determined from 
Surveyor photographs, t h e  appropr ia te  s i z e  f r a c t i o n s  were ca lcu la ted  i n  terms 
of s tandard s i e v e  and screen s i z e s .  The components were then produced by a 
l o c a l  (Eaverstraw, New York) t r a p  rock company and s t o r e d  i n  55 pallon(208.18 
l i t e r )  drums. Lar3e blocks of b a s a l t ,  to  be placed a t  known s p o t s  i n  the  
modal, were ordered from Oregon s i n c e  the  f lood b a s a l t s  t h e r e  had been used 
as a standard in e a r l i e r  t e s t s .  
A large t ec tmgu la r  s t e e l  tank was made a t  ,%:tin Xar ie t ta  to contain the 
model, A diagram of the model is shown in Figure 6.  The unsorted par t  
of tha modd was made by ramixing the components according to the Surveyor 
racipe in a standard cement d x t u r a .  Layers of roughly a foot were poured 
ln t a  the tank, la rge  chunk (10 em o r  greater)  watt thrown in by hand. Each 
l aye t  was t-ed down which made the  fabr ica t ion  of the model dusty and un- 
p l u r r m t  w r k .  The co-itted modal w a s  used extensively t o  t e s t  the USD.  
Tastr  in t h i s  r ego l i t h  model showad tha t  the  d r i l l  w a s  capable of pene- 
t r a t i n g  three  meters FncludFng 50 cm of vesicular  basa l t  v i t h i n  the prescrLbed 
time and power ava i lab le  from the s i l v e r  c e l l  ba t te ry  pack. Howwer, the 
design f o r  i n s t a l l i n g  the casing was f a r  l e s s  successful.  The casing would 
frequently break, o r  la rge  torques (enough co s t a l l  the m'or)  would build up 
before the casing sleeve8 had penetrated the f u l l  depth of the d r l l i e d  hole.  
Field Tests  *.- 
We were a l so  desirous of carrying out t e s t s  under f i e l d  c o n d i t ~ o n s  wkere 
we vbuld be  d r u l i n g  in to  an unknown subsurface. Finding an area tha t  ~ ~ i d  
be a reasonable analog t o  the lunar  stlrface was challengmg. It would be 
i spor tan t  t h a t  the s o i l  contain v i r t u a l l y  no moisture to depths on the order 
of throe meters. Ve looked a t  scma areas  around Flags ta f f ,  Arizona which had 
been se lec ted  by the Lunar Geology group :t Flagstaff  as  lunar analogs. There 
were ash f l o w  and lava f lovs but  the water content of the s o i l  was j u t  too high. 
We decided lnstead t o  try Death Valley, hoping tha t  the extremely dry 
candi t ioas  would r e s u l t  in bone d r y  s o i l  layers .  
3e found three very in t e re s t ing  ta rge ts .  
1. S d l  pedest~. l .s  of calcareous Lacustrtne deposi ts  were abundant i n  
the Shcshone Vallay. Since the  diameter of these pedestals was no more than 
10 t o  15 meters and the heights were about f i v e  meters, there was a good chancg 
t h a t  these very fine grained sediments were qu i t e  dry. Of course, the composition 
of these ~edimc~nts  vaa not lwar-like. 
2.  Large fans of loosely compacted conglomerates, which had formed a t  the 
mouth of small rminas cut  i n to  the h i l l s  bordering the Shoshone Valley and 
Death Valley. 
3 .  Al1l;vial and f l u v i a l  deposi ts  of s i l c s  and sand In arroyos. Ver t ica l  
banks had been c%t in to  these deposi ts  by the most recent streams, so that a 
v e r t i c a l  sec t ion  of what was d r l l l e a  could be seen. 
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Dri l l ing  was attempted in the  l acus t r ine  deposits.  A t  about 2.5 meters 
the d r i l l  experienced s t a l l i n g  torques. This was because of s ign i f i can t  
moisture a t  those depths. We found it extremely d i f f i c u l t  to  remove the  d r i l l ,  
it could not be moved by hand, so we jury-rigged a l a rge  lever  t o  force  the 
stem out of the  ground. Once t he  drFtlstem was removed, t he  hole  stayed 
i n t a c t  so that no casing w a s  needed. 
In the  taaglomerates d r i l l i n g  was more d i f f i c u l t  because the d r i l l  would 
occasionallp encounter a cobble 10 cm across ,  but  the  holes  could be d r i l l e d  
and the  stem remved without problems. The holes made were not preserved. 
We then t r i e d  reenter ing with the  f iberg lass  sleeving and encountered the  
same problems we had e a r l i e r  in the  model a t  Baltimore. 
The main r e s u l t  of these f i e l d  t e s t s  was t h a t  the d r i l l  was capable of pene- 
t r a t i n g  the  f u l l  th ree  meters in a var ie ty  of s o i l  types t h a t  in most cases 
presented more d i f f i c u l t  d r i l l i n g  conditions than on the  moon. 
The methods f o r  casing the hole were not ye t  r e l i a b l e  and design Fmpro- 
v e m c ~ t s  were needed. 
The Boron Reinforced Borestem and tie Solid Faced B i t  -- - - - - - - - - . - .  
The pr inc ipa l  inves t iga tor ' s  group saw a possible  means of overcoming the  
problem of the  hole  collapsing. 
One means of accomplishing t h i s  would be by using a d r i l l s t em tha t  does 
not have t o  be r e t r ac t ed  from the lunar subsurface. Such a d r i l l s t em must 
have a low thermal conductance, so a s  not t o  degrade the heat-flow experiment 
performance, ye t  have an axial modulus high enough to  e f f ec t ive ly  transmit the 
percussive energy of the  paverhead to  the b i t .  To u t i l i z e  a low conductance 
d r i l l s t em tha t  can be l e f t  in the lunar subsurface it is, of course, necessary 
t o  develop e i t h e r  a solid-face b i t  t h a t  does not a l l w  mater ial  t o  en ter  the 
dr i l l s tem,  o r ,  i f  a coring b i t  i s  used, t o  develop a core re t r iev ing  system 
tha t  can remove mater ial  from ins ide  the  stem. 
The approach t h a t  seemed most feas ib le  was to  replace the t i tanium d r i l l -  
stem with a stem made of composite mater ial .  An epoxy r e s in  was chosen f o r  
the matrix of the stem tube because of its low thermal conductivity.  The 
epoxy is strengthened by g l a s s  Zibers wound circumferent ial ly  i n  the tube walls.  
The axial s t i f f n e s s  is increased by an order of magnitude by including f i l a -  
6 meats of c r y s t a l l i n e  boron (Young~srnodulus GO x 10 p s i ) ,  aligned with the 
tube axis. 

We hoped t o  develop a solid-face b i t  by a modification of the ex is t ing  
ALSD coring b i t  designed by Martin Marietta and Chicago-Latrobe, thus bene- 
f i t i n g  from the  experience and t e s t i ng  t h a t  vent i n t o  t h a t  b i t  development. 
Our approach, which proved successful ,  was  t o  i n s e r t  a c e n t r a l  c u t t e r  W i d e  
the  annulus of c u t t e r s  of the core b i t .  When d r i l l i n g  s o l i d  rock, t he  core 
b i t  l e a v k  a d l  cyliadrt  of auterial standing above the cu t t i ng  face, t h i s  
cyl inder  is broken up by the  carbide c e n t r a l  cu t t e r .  
An a l t e r n a t i v e  t o  t he  solid-face b i t  is t o  remove the  core material of 
t he  subsurface core samples, a system t h a t  c x l d  r e t r i e v e  the  sample would 
be worth the extra astronaut  e f f o r t  required. To t h i s  end, w e  began develop- 
ment of a 'core r e t r i e v a l  system.' We decided t o  u t i l i z e  a system similar t o  
t h a t  used in standard d r i l l i n g  techniques. The basic  f ea tu re  of the  system 
is a thin-walled core liner t h a t  is locked in the bottom sec t ion  of the d r i l l -  
stem. These core l i n e r s  vould be inser ted  and locked in place. Af te r  d r i l l i n g  
i n t o  the lunar  subsurface the  length of the  core l i n e r ,  it  is unlocked 
and removed by the astronaut .  For emplacement -ad r e t r i e v a l  of the  l i n e r s  
a spec i a l  t oo l  would have t o  be desfgned. This l i n e r  serves a s  a core sample 
container on the  re turn  f l i g h t .  
The AVCO Space Systems Division, under a subcontrnct from Lamant-Doherty 
Geological Observatory, was i n i t i a l l y  chosen t o  perform the  design and develop- 
ment of the  composite drf l ls tem. The work was done under the  guidance of 
Lamont-Doherty. The subcontract with AVC3 consisted of two tasks: 
Task I: To conduct a design and manufacturing f e a s i b i l i t y  study. 
Task XI: Fabrication of prototype sets of dr i l ls tem. 
Phase XI was completed uuder a separate  subcontract wfth Arthur D. L i t t l e ,  
Inc. This work was a l so  done under the supervision and d i rec t ion  of Lamont- 
Doherty Geological Observatory. 
The development solid-face b i t s  were purchased by Lamont-Doherty from 
Chicago-Latrobe, Inc., based on Lamont-Doherty Geological Observatory drawings. 
Program Developments and Test Results -
The boron filament reinforced f ibe rg l a s s  dr i l ls tem: 
The boron dr i l l s tem developed under t h i s  program is shown i n  Figure 7. 
The tubular body of the dr i l ls tern has a sandwich construction (the d e t a i l s  of 
wUch a r e .  shown i n  Figure 8. Innennost a r e  two l ayers  of  epoxy f iberg lass  
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with the  g lass  f i l ~ t ~ a n t s  he l i ca l ly  wound a t  f 45' t o  the  stem axis. Three 
layers  of baron filaments a r e  wrapped over these layers  t h a t  a ro  aligned with 
the long ads of the  tube. Two addi t iona l  U y e r s  of f i be rg l a s s  a r e  wound over 
t he  boron a t  angles 5 45' t o  the  stem axis. This configurataon gives a 
nomlnal outer  diameter of 0.990" with an inner diameter of 0.875". 
The f l u t e s  t b  t ransport  d rFU cut t ings  t o  t he  surface a r e  h e l i c a l l y  wound 
around the stem body as shorn in Figure 7. The f l u t e s  a r e  a l s o  made of 
f iberg laas  and form a double h e l i x  with a one inch pi tch.  The outer  surface 
of the f l u t e s  a r e  impregnated with s i l i c a  powder t o  increase abrasion res i s -  
tance. Each f l u t e  is 0.10" to  0.15" across  and stands about 0.45" above the 
stem body. A s  can be seen in Figure 7 , the  diametar of the stem body is 
increased a t  the female jo in t ,  whereas the f l u t e  diameter is constant,  and a s  
a r e s u l t  the f l u t e  depth over the  j o i n t  a r ea  is very small; i .e . ,  about 0.01". . 
Conductivity measurements on the  boron stem were made a t  Arthur D. Little, 
Inc. by request of the  Lamout-Doherty Geol,?gical Observatory. These r e s u l t s  
give a value of conductivtty equal to  0.0096 watts/cm°C a t  27OK and 0.018 
watts/cm°C a t  -73'K. 
Designing a workable taper  j o i n t  f o r  the  boron filament d r i l l s t em proved 
to  be the moat d i f f i c u l t  task in the development of t he  boron dri l ls tem. The 
initial taper  j o in t  design.was a simple taper  of 0.012 inches/inch f o r  a 
length of 1" machined i n t o  the outer  g l a s s  layers  of the  male and female pieces. 
The inner  pa r t  of the tube containing the  boron filaments was ground t o  form 
a f l a t  shoulder t h a t  butted when the j o i n t  was made up. This type of j o i n t  
f a i l e d  during t e s t i ng  due t o  lack  of adequate hoop s trength;  a l s o  the boron 
filaments sheared of f  a t  the  shoulders. 
These t e s t s  led  t o  a basic  revis ion of taper  j o i n t  design. The s t e e l  
re inforcing r h g s  were removed, and the female taper w a s  reinforced by 
overlaying it with sho r t  lengths of boron filaments.  In addition, circum- 
f e r e n t i a l l y  wound f iberg lass  was applied around the  female taper  j o in t  t o  
increase hoop strength. The taper  angle w a s  increased from 0.012 inched inch  
t o  0.018 fnches/inch t o  decrease r a d i a l  s t r e s s e s  i n  both the  male and female 
sec t ions  of the taper.  This j o i n t  configuration has proven successful ,  and 
is the basis  f o r  the f i n a l  design. 
Many t e s t s  of the taper  j o i n t s  were made in  the course of development. 
For t he  f i n a l  taper j o i n t  design we tan an endurance t e s t  tha t  l a s t ed  f o r  22 

minutes of d r i l l i n g  in dense 
The Solid-Faced B i t  
1. . Experience gained fn 
basa l t  with no 
developing the  
apparent j o i n t  degradation. 
ALSD coring b i t  provided infor- 
m n t i o a  on b i t  design parameters. Point  pressure exerted on the  rock by the 
carbide kerf cu t t e r s  must be kept above a f i n i t e  threshold value to obtain 
chipping a t  the rock face. If poin t  pressures a r e  below the  threshold, the  
rock is pulverized ra ther  than chipped and the  d r i l l i n g  r a t e s  w i l l  be  inuch 
lower than those obtained with the  ALSD b i t .  
2. The design basis of t he  solid-face b i t  was the  AtSD coring b i t .  I n  
the  f i r s t  so l id  b i t  design, a s ing le  tungsten carbide blade was placed ins ide  
the b i t  s h e l l  t o  remove the core. On the f i r s t  prototype t h i s  blade protruded 
beyond the kerf cu t t e r s  (see Figure 9 ) .  
Dr i l l ing  r a t e s  obtained with t h i s  b i t  were extremely low because of low 
. point'pressures.A second t e s t  was made with t h i s  b i t  t o  determine the e f f i -  
ciency of the core cu t t e r .  An ALSD coring b i t  was used t o  d r i l l  a hole in 
dense basa l t ,  lea& the cen t r a l  core undisturbed. This hole  w a s  r e d r i l l a d  
with the solid-face b i t  as a t e s t  of core c u t t e r  eff ic iency.  The cen t r a l  
core was removed a t  a high ra te .  This t e s t  showed t h a t  it is r e l a t i v e l y  easy 
t o  break up the cen t r a l  core once i t  is standing about ha l f  an inch above the 
cu t t ing  face. The reason f o r  t h i s  is t h a t  the  f r e e  cy l ind r i ca l  surfaces lead 
* 
t o  f rac tur ing  of the column both in shear and sp t i l a t i on .  This discovery lead 
t o  a f i n a l ,  highly e f f i c i e n t  solid-face b i t  design. 
The second prototype solid-face b i t  a l so  used the  L S D  coring b i t .  How- 
ever, the blade was recessed about 318 of an inch behind the kerf c u t t e r s  of 
the  core b i t .  S i x e l l i p t i c a l h o l e s  were machined in to  the  body of the b i t  a t  
the base of the core c u t t e r  t o  serve as e x i t  points f o r  the .  core cut t ings.  
[see Figure lo). 
Tests  of t h i s  b i t  were successful ,  giving r a t e s  of 4 incheslminute i n  vesi- 
cu lar  basa l t  and 1 inchlminute i n  dense basa l t .  This b i t  configuration has 
been chosen fo r  the f l i g h t  hardware with only minor modification. 
A Core Retrieval System -- 
The core r e t r i e v a l  system was designed to  co l l ec t  a subsurface core sample 
without the necessi ty  of removing the dr i l l s tem from the borehole. This 
system MI never used a s  par t  of the  ALSD. This is accomplished by locking a 

core l i n e r  tube in to  t h r  l o w q  end of the drf l ls tem, d r i l l i n g  to a depth 
approximately equal t o  the  length of the core l i n e r  tube and then removing 
the tube. 
The core l i n e r  was dosigned t o  function ae both a core l i n e r  and a sample 
return container,  S t r i c t  design requi remats  a r e  placed on it a s  a r e s u l t  of 
t h i s  dual function. Tbr core tube must i n t e r f ace  with the  dr i l l s tem,  core lock 
and sample re turn  contairrar and m e t  the asep t i c  requirements f o r  returning 
lunar srnples  . 
The protocype core liner i s  fabricated from thin-wall, high s t rength 
aluminum a l loy  tubing. Testing of ea r ly  designs showed tha t  the tubes were 
def ic ien t  in  two areas: 
1. The presence of rock p a r t i c l e s  which became lodged between the core 
tube outer  surface and the  i n s i d e o f t h e  d r i l l s t em made removal of the core 
assembly d i f f i c u l t  ; and, 
2. core mater ial  was frequently l o s t  during removal of the  l i n a r  from 
the stem. 
Core l i n e r  jaaaning was eliminated by i n s t a l l i n g  a felt-flocked paper s ea l  
a i ' . the Bottom of the core l i n e r  (see ~ i g u r e  11). This s e a l  e f f ec t ive ly  
l i m i t s  the entry of rock and rock dust pa r t i c l e s  i n t o  the  core l iner -dr i l l s tem 
in te r face  cleans t h a t  i n t e r f ace  during core l i n e r  inser t ion.  toss of 
I 
cored m a t e r ~ a l  w a s  minimfied by using a core l l n e r  f i t t e d  with a core catcher.  
Core Lock - 
A core lock was required to  hold the coring assembly in  place during the 
d r i l l i n g  oparation. 
Our i n i t i a l  core lock design u t i l i z e d  phosphor bronzespring f ingers ,  which 
were forced agains: the d r i l l s t em w a l l  a t  an acute angle. A screw driven cam 
actuated the spring f ingers .  Upward force on the coring assembly caused the 
spring f ingers  to  s l i g h t l y  penetrate  the d r l l l s t r i n g  wall  thereby preventing 
movement of the coring assembly. Tests  showed tha t  these f ingers  were not 
nearly strong enough t o  hold the core liner in place. 
A second development core lock used a b a l l  de t rn t  mechanism. Two 0.250" 
diameter s t e e l  b a l l s  were contained i n  the core lock body. Cetent holes were 
made in the dai l ls tem wall t o  accomodate the s t e e l  ba l l s .  h screw driven cam 
forced the b a l l s  o u ~ r d  ln to  the detent  holes. Reversal of the cam motion 
allowed the b a l l s  to  r e t r a c t  during core r e t r i e v a l .  Tests i n  dry rock powders 


revealed tha t  the core l i n e r  exerted such a strong upward force during 
d r f l l i n g  tha t  the s t e e l  ba l l a  ac tua l ly  t o re  the fiberglass stem upward from 
the decent holes. 
b t h i rd  and f i n d  core lock design u t i l i z e d  an expandable cylinder with 
a knurled surface t o  engage the  i n t e r i o r  surface of the  stam. I n  the final 
design, the cora lock u t i l i z e a  only one taper plug and is a r t i cu l a t ed  a t  only 
one end. The f i n a l  core lock design Is shown i n  Figures 12 and 13. 
The cora lock and core l i n e r  a r e  joined with a knuc'de type j o i n t  mated 
by ro t a t ing  one of the  pleces through a 90' a rc ,  p i c tu re  i n  Figure 14. 
Emplacement-Rar - r i eva l  Tool 
Emplacemmt, r e t r i e v a l  and cora lock actuat ion a r e  performed with a 
spec ia l  tool .  This too l  must be designed to t ra rsmi t  tension, compression 
and b id i rec t iona l  torque t o  the cora lock capstan. The prototype un i t  
cons is t s  of a torque l imi t ing  handle, f i v e  extension sec t ions ,  and one adapter 
section. The handle is con~ec ted  t o  the adapter sec t ion  d i r e c t l y  o r  with one 
to  f i v e  extension sec t ions  interposed. The inters tam j o i n t s  a r e  not separable ! 
once they have been connected except with a spec i a l  too l .  Ordinarily,  there 
is no need t o  separate  the sec t ions  on the lunar surface. 
The handle l imi t s  the torque applied t o  the core lock t o  a preset  amount. 
Surumary of Dev-nt Tests  of the Core Retr ieval  Sptst - -I-------.-------- 
Development t e s t s  vere  car r ied  out a t  the Lamont-Doherty Geological O b s e r ~ a t o v  : 
t e s t  f a c i l i t y  w i n g  a Black and Decker model 723 ro ta ry  hammer m n  a t  a reduced 
voltage t o  sfmulate the ALSD powerhead. A f i f t y - f ive  gal lon drum, f i l l e d  with 
1 
material  from the model Martin Marietta Corporation was used to  simulate the I 
lunar  surface. Hard rock d r i l l i n g  was done in e i t h e r  a 1 7  inch thick block of 
! 
vesicular  basa l t  o r  an 8 inch th ick  block of dense basa l t .  I 
; 
The r e a u l t s  of these t e s t s  showed the amount of f i n e  mater ial  obtained by i f 
the corer  war dependent on d r i l l i n g  r a t e ,  v i t h  optimum r e s u l t s  giving about 
1 
75% recovery i f  a r a t e  of 1 cm/sec was maintained. 
In  the  end, the cora retrieval system was not incorporated in to  the ALSD 
system. It vas deemed t o  be too complicated for  r e l i a b l e  astronaut operation. 
On hfndsight,  t h i s  judgement was probably correct .  
The boron filament reinforced f iberg lass  dr i l ls tern and the solid-faced b i t  
vere used succesrful ly  as pa r t  of the ALSD system. This type of stem was used 
t o  emplace the heat-flow probes. 
The experience at  Apollo 15 showed that the larger diameter aad l o s s  
of continuity of flut2ng a t  the taper jotnta between the sections did not 
allow Cuttings to pa88 up the hole and Jaraned the d r i l l ' s  operatfon soon aftar 
the f i r s t  j o b t  had entered the lunar surface. For subsequent f l i g h t s  the 
taper jo int  w u  replaced by a titmi- jo int  sect ion that was bonded by 
Epoxy into ends of the stems. These redesigned stems worked very well a t  
Apollo 16 and 17 (see a l so  Section IV). 
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APPEIIDLX C. DESCRIPTION OF THE LUNAR BEAT R O W  EXPERIMENT INSTRUMEXTATION 
Tha material  t h a t  appears in  this sec t ion  i s  only s l i g h t l y  modified 
from a paper prepared by Bruce D. Smith of the Bendix Corporation. 
EXPERIMENT THEORY 
The heat-flow Instrument performs measurements t o  determine the maan 
v e r t i s d .  temperature gradient dT/dz  and the e f f ec t ive  thermal conductivity 
k of the  mater ial  across which the measured gradient is developed. Conducted 
heat  flow P di f fuses  dowa a t e w e r a t u r e  gradient  in accord with the relat ion-  
s u p  between these two quant i t ies  in one dimension, 
F - k  (dT /dz )  (1) 
Table 1 lists ranges of predicted densi ty  of heat-flow r a t e s  and s o i l  
thermal conduct ivi t ies  (Langseth e t  at., 1968; Langseth e t  al., 1970; Langseth, 
1968) with the corresponding l imf t s  of average temperature gradients.  
To meaningfully ex t rac t  the average gradient from the composite temperatures 
t ha t  may e x i s t  a t  p rac t i ca l  lunar  measuring depths , the  temperature-measuring 
fnscrument m u s t  have a wider range than the gradients i n  Table 1 indica te ,  read- 
ings must be mcorded frequently f o r  more than a year,  and absolute measurement 
accuracy must equal the r e l a t i ve  accuracy requirement f o r  the lowest mean t e q -  
e ra ture  gradient expected. 
Two d i f f e ren t  approaches a r e  used i n  measuring lunar  subsurface thermal 
conductivity by means of the heat-flow instrument. In the f i r s t  approach, the 
thermal response of i n  s i t u  lunar  mater ial  t o  hewn heat sources is tes ted .  
In the second, v e r t i c a l  s t r i n g s  of temperature sensors record the character- 
i s t i c s  of the periodic  prop.;gations i n t o  the surface t o  determine d i f fus i -d ty ;  
with this diffusi t r i ty  information and good est imates  of s o i l  mass density and 
TABU 1, Predicted Experiment Ranges 
Temperature 
Gradient dT/dz , 
OKjmetet 
Heat Flow J, 
watts/cm'2 
Thermal Conductivity K 
watts/cm O K  
SYMBOLS 
A 1 .-.6 platinum bridge constants detmmined by calibration 
81 ...6 platinum bridp constants &ternrind by calibration 
C WNUllt 
dl[& mcm vatid tempentun gradient 
G systemgain 
l~ bridge excitation current 
J heat flow 
k thermal conduc tintv 
m - mean d u e  
n , point of constant input ntio 
Nl...4 digital numbers 
Ni ... 4 N -  40% 
Ro reistance at 0*C 
R 1 ... 4 Wheatstone bridge arm resirtmcm 
R ~ O O  resistanca at 100°C 
Re total bridp resistance 
RI idealized output ntio 
AT resistance at 7°C 
7' tempentun in d e g n r  Centigade 
TR referencebridge temprnnve 
TC thennocouple 
u digit resolution (2.3412 rmllivolts) 
vc. V* positive voltage 
v', V' negative voltage 
unsed referencebridge excitation voltage 
reference-bridge output voltage 
error offset voltage referred to amplifier input 
brrdqe excitation voltage 
sensed bridge excitation voltage 
potential difference urns Z O ~ h  resistance for cur- 
rmt ls. 
bridge output voltage 
potential differena acmsa h h m  resistance for cur- 
rent l& 
voltage at wnnaction point X 
vroltage at connection point Y 
- 4  calibration constants for reference bridge 
vertical diutance 
attenuation ntio V i /  V& 
=lor absorptance 
Van Dusrn calibration constant 
Callendar aiibrstlon constant 
tempantura difference in degrees Centigrade 
system mr offset 
output-sense-line offset 
excitation-wnrr.line offset 
infnrd emtrance 
standud deviation 
Heat-Flow 
L4. 
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Appendix C-Figure 1 
spec i f i c  heat ,  thenni l  conductivity can be calculated. 
The optimum configuration in the  lunar  surface f o r  the Lunar Heat Flow 
Exparimant is depicted in Mgum 1. Two hollow f iberg lass  borestems, 2.5 
centdamtars i n  d f a m ~ t e r ,  a r e  drilled i n t o  the  lunar  surface t o  a depth of 
3 meters a t  a dis tance of LO maters from one another. Four sets of temperature 
sensors,  spaced along a probe cons is t ing  of two f leadbly joined r i g i d  sect ions,  
occupy the bottom mater of each hole. The f leadble j o i n t  permits the  probe t o  
be folded f o r  t ransportat ion t o  the  won. The sensors,  which a re  primarily 
rad ia t ive ly  coupled t o  the borestem and lunar  s o i l ,  a r e  connected e l e c t r i c a l l y  
by &meter woven cables t o  a package of e lec t ronics  on the surface. Each cable 
ca r r i e s  four  prec ise ly  located thermocouple junctions i n  the borestems above 
the probes. The e iec t ronlcs  -it is connected by a f l a t  ribbon cable,  9 meters 
long, t o  the Apollo Lunar Surface Experiments Package (ALSEP) Central S ta t ion ,  
which formats all the da ta  from and controls  the operation of a l l  the s c i en t i f i c -  
s t a t i o n  instruments on command from earth.  
The heat-flow instrument re turns  data  g i d n g  average-temperature, differen-  
t ial-temperature,  and law- and high-thermal-conductivity information from four  
locat ions on each probe, with t h e  thermocouples supplping readings f o r  tempera- 
ture determinations in the upper p a r t  of the boreholes. Instrument performance 
requirements f o r  these measurements a r e  summarized in Table XI. In the normal 
operating mode, the heat-flow instrrrment gathers ambient and high and l o r s e n s i t i v -  
i t y  d i f f e r e n t i a l  t e q e r a t u r e  data  from the "gradient" sensors s i t ua t ed  a t  the ends 
of each half-probe sec t ion  and samples the thermocouple outputs during the 7.25 
minute measurement sequence. Various subsequences can be se lec ted  (e. g. measure- 
ments on one probe only),  but most of them would not  normally be used. LOW- 
conductivity experimants a r e  performad on conmrand, with each hea ter  ac t iva ted  
i n  turn  t o  0.002 w a t t  f o r  about 40 hours, The n o d  measurement sequence is 
TABLE 2 . Heat-Plow-Instrument Performance Requirements 
Measurement 
R e q u i r e m e n t  
Range Resolution Accuracy* Minimum Stability 
Temperature Difference across +2'K (high 0.0005'K (high sensitivity) +0.003*K 0.003'K/year 
0.5 meter probe section in sensitivity) 
lowest meter of hole + 20°K (low - 0. 005°K (low sensitivity) 
sensitivity) 
Ambient temperature probe 
in lowest meter of hole 
Temperature of thermo- 
couples in upper 2 metere 
of hole 
Thermal conductivity of 
material surrounding 2-400 x 
probes W/cm OK 
* Maximum probable error 
unchanged. The high conductivity mode of operation requires the selection of 
measurements on the remote sensors in any half-probe section, the type of data 
returned alternating between high-sensitivity differential and absolute tem- 
perature measurements. Either of the adjacent heaters at the ends of the 
probe half may be activated by comrpand. Each heater should be on for about 
s i r  hours, but this depende on the conductivity experienced. 
PROBE AND SENSOR CONSTRUCTION 
The platinum resistance sensors used in the heat-flow instrument probe 
contribute significantly to the quality of the measurements obtained. The 
approach to sensor constructioa is not new: Siemens (1871) described a pla- 
tinum resistance thermometer, with wire wouad on a clay cylinder enclosed in 
a wrought-iron tube, at a meeting of the Royal Society of London in 1871. 
Whereas present commercial thermometers have stabilities of 10 to 100 milli- 
degrees Kelvin per year with n o d  use (maven et al. , 1970) the lunar gra- 
dient measurements require stabilities of the order of 1 millidegree Kelvin. 
These have been achieved in standards laboratories for some time, but wfth 
sensors.susceptibleto quite low levels of shock and vibration, and with sub- 
stantial precision equipment required t~ obtain accurate readings. 
Two types of platinum resistance thennometers are used in the heat-flow 
instrument, the so-called 'gradfent' sensor and the 'ringf or 'remotef sensor. 
The gradient sensor, the construction of which is detailed in Ftgure 2, in- 
corporates a unique method of supporting the resistance wire to reduce ins- 
tability normally induced by mechanical or thermal stress. Pure annealed 0.04 
mfllfmeter diameter platinum wire fs mounted, coiled in a 0.3 millimeter dla- 
meter helix extended to 0.07 millimeter pitch, on a glass-insulated platinum 
mandrel. The base of each loop is arranged so that only 10 percent of the turn 
is embedded in the substrate. The mandrel and glass have the same expansion 
coefficients as the coil, and the assembly is annealed at 673'K for 15 hours 
before sealing. The platioum coil is isolated from contamination by an 
* 

atmaphare of pure helium contained within a gold-sealed platinum outer  case. 
Plat inuwwlre c o d a l  leads extend through ceramic-insulated tubes f o r  s i l v e r  
b r a g  t o  Evanotm and M.lrgsnin connecting wirra. Each sensor assembly howae 
two raporate e a t s ,  e f f ec t ive ly  b i f i l a r  wound, with nominal res i s tances  of 
500 ohma a t  273.16% (0'~). 
The remote sensor,  tha constmactioa of which is i l l u s t r a t e d  in Figure 3, 
cous is t s  of two 500-ohenomix~al-resistvrce platinum wires set in a ceramic 
glaze around a thin platin- r ing.  Because i ts intended use is in the  short-term 
Ngh-conduct i~f ty  experimwts, i t  has a less s t r ingen t  s t a b i l i t y  requirement 
( 0 . 0 0 2 ~ ~ 6  hours) t h  the gradient  sensor. Unexpectedly, however, i t  haa 
demonstrated a long-term s t a b i l i t y  comparable t o  t h a t  of the gradient sensor. 
The sensors a r e  mounted as shown in Figure 4, which i l l u s t r a t e s  the cm- 
f igura t ion  comnum t o  the ends of a l l  half-probe  section^. The gradient assembly 
is epolded a t  the  mountizd bushing a t  the sensor-lead e x i t  end t o  the ins ide  of 
the probe and-sheath. The s m a l l  tube on the opposite end (a l so  shown in Figure 
2) is  supported by a snugly f i t t f n g  f iberg lass  bushing, vhich permits strain- 
f r a e  d i f f e r r n t i a l  expansiun with good mounting support. Aseociated with each 
gradient sensor is a 1000-ohm Kaxma wire hea ter ,  wound concentr ical ly  with the 
gradient sensor on the thin sec t ion  of the end sheath. The ring-sensor platinum 
band is p a r t i a l l p  cemanted in t e rna l ly  t o  a f i l l e r  sheath, which, in t u n ,  is  
at tached t o  the outer  sheath of the probe. A tube jo ins  the two end pieces t o  
form a probe half-section. 
The s t r u c t u r a l  components providing the span between the sensors are manu- 
f a c t m d  from low-conductivity t h i n r a l l e d  f ilamen t-wound epoxy f iberg lass .  
All cabling is c d , e d  through the probe body ins ide  the s p U t  inner sheath, 
which is shielded with mult i layer  insu la t ion  to  reduce r ad ia t ive  coupling between 
the wiring and probe w a l l ,  p a r t i cu l a r ly  during conductivity eqer lmants  with a 
heater  on. The areas arotrnd the  sensors a r e  p a r t i a l l y  enclosed with g ~ r b  f o r  - 

protact ion during hanWg. '  
A pmbe curembly is 1.09 matera long when unfolded at the c lo re ly  co i l rd  
e x t w i o n  spr ing  that j o i m  the  two half-crectionr. The complete u n i t  is  coated 
with a matt+&& thermal cont ro l  paint.  An aarembled probe, with its Smrter 
35 conductor colmectlng cable, weighs lrrr *h 0.5 kilogram. 
Cradimnt md r i ng  smnrora arm each intcrcarm.ctad within a probe half v l t h  
AWG 23 Evanobm wi re ' t o  form b d d g e r ,  the opposite arnae of which are physical ly  
s i t ua t ed  ln the  sama s ~ r o r  oraembly a t  a co~rrnan temperature. A scheamtic of 
this resistanca-bridge arrangenmnt is shorn in Figure 5 ( l e f t ) ,  where T is the  1 
temperatun of one sensor asembly  and T2 the tamperat- of the other .  The 
gradient-sensor aasembller, w h i c h  forrn one bridge, are separated by 47 centi-  
metars; t he  m ~ m t n e n r o r  assemblies, which form the other ,  a r e  located 29 
centimeters apart and 9 centimeters from the hea ter  windings. 
S i r  uirw connect &ch bridge t o  the e l ec t roa i c s  unit. Thosa from a lower 
half-probe are conveyed in tha  upper sec t ion  through the  hollow sensor  assemblies. 
Evanohm v l r e  is usad bacause it hos a remarkably s m a l l  temperature coe f f i c i en t  of 
res i s tance  ( 0 . 0 0 0 0 2 / ~ ~ ) ,  vith closely control lable  r e s i s t i v i t y  and a t h e d  
conductivity t h a t  is low f o r  an e l e c t d c o l  conductor. 
SENSOR CBARBCTERISTICS 
In Collendar's empirical parabol ic  equatlan (Callendor, 1887 and 1871) 
T - 1 0 0  [ &-R0) / (Rloo-Roll + 6 I ( T / l O o ) - l ]  ( T / 1 0 0 )  (2) 
the constant 6 defines t he  cha rac t e r i s t i c s  of an Individual  p1ati1:imr res i s tance  
0 
the-=car over the temperature range 0 C t o  630°c, where T. is temperature 
in degreu Centigrade, RT is r a r i s t auce  a t  temparature T, Ro is res i s tance  
0 0 
a t  0 C, and RIOO in r u i s t a a e e  a t  100 C. The Callendar conatant i r  d e t e w d  
0 
by c a l i b r a t i m  a t  threa fixed points:  the t r i p l e  point  of water (0.0100 C), 
0 
tbe steam poln t  ( 1 0 0 ~ ~ ) .  and the boi l ing  poin t  of s u l f u r  (444.600 C). For use 
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w b r m  the corutrzrt 6 f o r  an individual th8rrpoawt.r is found by cal!brating 
a t  th b o i l i q  point of oxygen (-182.97~~).  The nrirt.nce of me platinum 
0 
elemmat a t  temperaturr T relatlm t o  its resistanca a t  0 C is therefor.: 
R d R O  = 1 + ( l / l O O )  [ (RIOO/RO) -1  I 
{T- 6 [ ( T / l 0 0 ) - l  1 ( T / l 0 0 )  -8 [ (T / lOO)-1  ] ( T i l o o )  3} 
Raferring t o  Figure 5, the bridge voltage r a t i o  is &fiord 
R , and R4 a r e  Whutstona bridge arm ra8iatanca8, V is thh where R l s  R 2 .  
8 
excitation voltage acrorr the bridge, and Vo is the  output voltag.. By 
combining equations (4) and (5) and eliminating small t a m ,  the followlug 
where RB is t o t a l  b r i d e  resistance,  T is the tempe=atura of one aewor  
ummbly exprerred in & p e r  Centigrade, AT is  the  temperatun d i f fe ren t i a l  
b8twe.n sensor a n r a b l i e r  i n  & p e r  Centigrade, and A1. At, A>, Ad ,  AS, and 
A6 "8 c ~ l u t r n t s .  S i rn i lu ly ,  bridge reris tance R can ba related t o  temperature 
B 
T and t q e r r t u t e  d i f f e r e n t i e l  AT by the s i q l i f i u d  expremsion 
where B I t ,  B J t  B4, By and B6 a re  constants.  Equations (6) and (7)  a r e  
traascendental i n  T and AT. To f ind  abrolute  and d i f f e r e n t i a l  ter;;lerat;ues, 
an i t e r a t i v e  simultaneous ro lu t ion  of both ca l ib ra t ion  equations is required 
The reduction of voltage differences and bridye res i s tances  t o  temperatures 
and temperature differances was accomplished d i f f e ren t ly  a t  tha Johnson Space 
Craft  Center and a t  L-DGO. The ca l ib ra t ion  data  consis t ing of bridge res i s tance  
and voltage r a t i o  versus bridge average temperature and temperazure difference 
were f i t t e d  t o  two dimensional functions of the following form by l e a s t  squares. 
~ ( 4 , k )  a r e  16 coef f ic ien ts  derived by l e a s t  squares. 
k=o 
where B(ll,k) represent 16 coe f f i c i en t s  . 
THE ELECTRONIC MEASUREMENT SYSTEM 
System Operation 
It can be seen from equetions (6) and (7) t ha t  the e l e c t r i c a l  measurements 
required t o  solve f o r  T and AT are  t o t a l  bridge res i s tance  R* (measured a s  a 
s ingle  elemcut), excr ta t ion  voltage VE,  and d i f f e r e n t i a i  output voltage V 0 ' 
The system by &ich these mcaeuremants a r e  made i s  represented i n  the s implif ied 
block diagram i n  Figure 5, which incorporates the e s s e n t i a l  fea tures  of the 
bridge measurement wtthod, although it includes only one of the e ight  probe 
bridges and omits thermocou~le c i r c u i t s ,  power suppl ies ,  and the bulk of the 
log ic  and cont ro l  c i r c u i t s .  
Each of the bridges is selected through reed relays fo r  exc i ta t ion  by 
d i r ec t  current .  The bridges produce a d i f f e r e n t i a l  output-to-input voltage 
0 
rac io  v% of approbmately f5.8110~~ fo r  a dynamic range of f2 K. With 8 
v o l t s  applied t o  the bridge axc i t a t i on  cablea, the data-&& madmum input  
nqui ramur t  is  set a t  k34 uU.Uvoltr. The gradiurt-bridge low-renritivity 
ran* of *20% r e q u i r u  0.8 v o l t  exc i t a t i on  f o r  a s ~ a r  output maxim. 
M . u u r m m u  f o r  t o t a l  bridge m r i s t u r c e  are made at the 8 - v d t  supply l e m l .  
Excitatioa voltafie Vg is mduclrd t o  tha marham level of output voltage by 
8x1 at teswator  i n  the exc i t a t i on  senre c i r c u i t .  The r e r i e s  e l e m t s  of th. 
a t t en ru to r  include cable resirt.nce t h a t  does f luc tua t e  a l i g h t l y  with the 
l a rge  surface-tenperaturr v a r i r t i o w ,  but  the  proportion of able r e r i r t m c e  
i n  the temperature-matched a t tenuator  is smell, and very high a t t e n u t i o n -  
r a t i o  s t a b i l i t y  i r  achieved. 'Ilhe output impedance 1s a.,ranged t o  be the same 
8 s  the  b d d g e  d i f f e r e n t i a l  output ~ e d a n c e .  A t  the  low-sensitivity exc i t a t i on  
l e m l  of 0.8 vo l t ,  the a t m u t o r  output V; is one-tenth the &mum bridge 
0 
unbalanca voltage V a: 220 K temperature extremes. To e f f ec t ive ly  nornu. I 0 
these readinQe and a t  the  soma t i rm avoid a t tenuator  w i t c h i n g  o r  gain changes, 
a c i t a t i o n  currant  IE i s  sensed. This currant  is combioad with the t o t a l  bridge 
res i s tance  v r l w ,  detannined from readings a t  8 v o l t s  exc i t a t i on  meda within a 
sho r t  time of the currant  w u r e m n t ,  t o  ca lcu la te  the l w - l e v e l  exc i t a t i on  
supply voltage. Low s m a i t i v i t y  CL-rent is fount? from the  po ten t i a l  difference 
V developed ac tors  a p r e c i s i w  18+2 o h  res i s tance  in the supply l i ne ;  high- L 
senmttivity currant  is  found from the po ten t i a l  difference VT across the 2-ohm 
r e s i s t o r  only .  The k t e r  d u e  i s  m a d  with the a t tenuat rd  b r idgeaxc i t a t i on -  
vol tage maarur-nt t o  deterPELPI t o t a l  b r i d p  reris m c e  R B .  Dif fe ren t i a l  
output voltofpa .ta read d i r ec t ly .  
These v u i o u a  mauurarmnts a m  presented sequent ia l ly  through a low-level 
f i e ld -e f f r c t - t r a su i a to r  (FET) mulriplexer t o  the input of the c o u m ~ ~ ~  s igna l  
m U f i a r ,  which hu a gain of 288 arrd f u l l - r c d e  output of 210 vol t s .  The 
m l i f i e d  s igna l  is comercad to  a 13-bit d i g i t a l  ownbdr and clocked i n t o  a 
s h i f t  r e g f r t r r  along vlth a 7-bit mode-identification and binary-mcasuremrnt 
TABLE 3.Sources of Error in Experiment Data 
Platin-bridge error sources 
* initial calibration accuracy 
* elenrent stability with age 
* dissimilar metal EXF's at sens;t-wire connections 
Measurement-system error sources 
* initial calibration of electronics 
* system noise 
* spurious EMF'S in multiplexer 
* excitation voltage 
stability 
sense-attenuation stability 
bridge heating 
* amplifier 
commn mode rejection 
gain and offset stability 
1 ineati tp 
settlL8 time 
* analog-to-digital converter 
linearity 
reference-voltage stability 
quantizing magnftude 
Data-processing error sources 
* truncation errors 
* iterative solution accuracy of b r i A ~ e  equations 
code. The r e su l t i ng  20-bit  amber is s e r i a l l y  s h i f t e d  i n t o  the  ALSE2 Central 
S ta t ion  f o r  i o se r t i on  as  two 10-bit words i n t o  the  ALSEP data stream f o r  
transmission t o  earth. On earth, the bin- numbers are converted back 
t o  the sensor temperatures from vhich they or iginated by applying the cali- 
bratloo f ac to r s  f o r  each brldge of thermocouple and each measuring channel. 
The sources of e r m r  t o  vMch the reconvarted temperature d u a s  m y  be 
subject  are out l lned in Table 111. 
Errors  due t o  long-term system gain and o f f s e t  i n s t a b i l i t y  a r e  circum- 
vented by using a r a t i o  technique, which e l h i n a t e s  system gain and o f f s e t  
as f ac to r s  i n  the recons t i tu t ion  of the o r i g i n a l  bridge r a t i o ,  depending f o r  
i ts success only on gain and o f f s e t  s t a b i l i t y  during thq  brief rnasurement 
period. A l l  maaeurements are made M c e ,  a t  two d i f f e ren t  levels .  To u t i l i z e  
the  full system range and obtain nmdmum resolut ion,  i t  'is conveniwt f o r  each 
bridge Input  and output meastxement t o  be made a t  reversed po la r i t y ,  with e q d  
bipolar  exc i t a t i on  leve ls .  The bridge is pulsed twlce in 2.4 seconds f o r  
-3 
2.6 milliseconds a t  a maximum duty cycle (0 .2~10 ), which U t s  self-heating 
t o  an acceptable 0.1 microwatt; two maasuremcnts are made during each exc i t a t i on  
pulse. The sequence out l ined i n  Figure 6 f o r  a high-sensi t ivi ty  d i f f e r e n t i a l  
measurement is typ ica l  of a l l  measurements. Power is applied t o  t he  bridge 
from the exci tat ion-pulse supply a t  b ipolar  4-volt l eve ls ,  giving a pos i t i ve  
8-volt t o t a l  exc i ta t ion .  After 1 millisecond t o  a l l o w  the system t o  s e t t l e ,  
the a t tenuator  output V'+cornsponding t o  exc i t a t i on  l e v e l  V + is converted 
E E 
t o  a ciidta umber  I~. output vol tage v + is then selected f o r  measurement, 
0 
i= 
and, a f t e r  a 2 . 3 4 l l i s e c o n d  pos i t ive  pulse duration, V conversion t o  N is 
0 2 
executed. The e n t i r e  process is repeated 2.4 seconds from the start of the 
sequence, with the pulse-excitation supply output reversed to  -8 vo l t s ;  during 
applicat ion of t h i s  negative pulse, V'- and V - a r e  converted to  d i g i t a l  
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numbars N3 and N4, n s p e c t i v a l y .  
If G represents  eprpllfiar and analog-todigi ta l-converter  goin, 
where E, is  the amplifier and analog-~o-digital-conmrter o f f s e t ,  go is the 
output-sense-line o f f se t ,  and a1 is the  excitation-sense-line o f f se t .  Since 
tha tamparatun of a bridge hi the luuar r ego l i t h  uill not chaage during the 
2.4-second maasurawnt period, 
+ - 
where C is a coastant regardless  of the exc i t a t i on  magnitudes of V and V . E E 
Rearranging equation (9) t o  mad 
and combining equations (8) anc! (10) results i n  
+ + 
whare V /V' is the  r a t i o  between m m u r e d  bridge s ignals ,  independent of 
0 E 
gain and o f f se t .  The raquired bridge r a t i o  V /V is obtained by applying 
O E  
the excitation-sense maaruremmt at tenuat ion f ac to r  2, the accuracy and 
s t a b i l i t y  of which c l ea r ly  a f f e c t  the  r e su l t .  Since Z = V'/V 
E E' 
The we of exc i t a t i on -po la r i t y  reversa l ,  with one da ta  converter f o r  
all amasurements, e U m a t e s  some m j o r  sources of e r r o r  and obviates 
need f o r  separate  per iodic  ca l ib ra t ions  on the moon and addi t iona l  c i r c u i t r y  
with which t o  perform them. Nevertheless, numerous sources of e r r o r  remain. 
It is therefore per t inent  t o  s u m w i z e  here the  more s ign i f i can t  fea tures  of 
the pr inc ipa l  components of the  da ta  chain, which account f o r  demonstrated 
measurement accuracies of b e t t a r  than 0.02-percent-full-scale probable e r r o r  
0 0 
over a temperature range of 0 C t o  60 C. 
The pulsed-pover supply produces 4.000-voltt 1-mil l ivol t  b ipolar  pulses,  
which a re  s t a b l e  t o  within 0.002 percent during bridge exc i ta t ion  and output 
measurements. The supply operates from pos i t i ve  and negative reference l eve l s ,  
derived from cmstant-current-driven low-temperature-coefficient zener diodes, 
which a re  switched by the cont ro l  log ic  f o r  pos i t i ve  and negative bridge 
exc i  t a t i o n  outputs from two series-connected operat ional  amplif iers ,  each 
having a push/pull  output s tage t o  supply the 20-milliampere bridge current .  
The multiplexer f o r  che heat-flow instrument is a double-tiered 3-channel 
f i e ld -e f f ec t - t r ans i s to r  (FET) commutator, v i t h  32 d i f f e r e n t i a l  input pairs. 
It is  divided i n t o  four  sec t ions ,  one f o r  each probe s e t  of gradient sensors 
and one each f o r  the remote sensors and the thermocouples. Each FET sec t ioa  
is powered only when necessary t o  r e s t r i c t  the e f f e c t s  of a single-channel 
f a i l u re .  F i e l d a f f e c t - t r a n s i s t o r  temperature-dependent o f f s e t  voltages and 
mismatched d i f  f e r anc ia l  inrpedances, which a c t  with c i r c u i t  impedances and 
amplif ier  b i a s  cur ren ts  t o  introduce variable  o f f s e t  voltages f o r  each channel 
and d i f f e r r - t  o f fse t7  between channels, a r e  cancelled by the  r a t i o  measurement 
tadmiqua pravloualy described. 
The most basic  design t rade-offs  in malog-to-digi ta l  converter design 
are speed and accuracy, Neither is of great consequence i n  this appl icat ion,  
-re extreme linearity, s t a b i l i t y ,  and s e n s i t i v i t y  are the only c r i t i c a l  
requirwnents. D i e t i l  conversion of the  ompllfied sensor signals is achieved 
by 13-bit succaasiva approximation t o  t he  sum of a generated +10.000-voltkl- 
m i l l i v o l t  o f f s e t  supply and the  t l0-vol t  fu l l - sca le  output from the data 
aaapllfiar . The off set binary number produced is l i n e a r  t o  within 0.0075 
percent full scale ,  with a resolut ion of 2.4414 dIl;twlts per  b i t .  Conver- 
sion speed is 20 microsecmds per  b i t .  The device is a convarrtional succesaive- 
approadmation d o g - t o - d i g i t a l  converter,  with t he  two most s ign i f i can t  b i t s  
of the ladder network trimmed t o  remve errors due t o  voltage drops across  the 
svitchas.  
The signals are amplified by a d i f fe ren t ia l - input  single-ended-output 
two-s t ags  amplif i e r  , vith dl f  f e r e n t i d .  and common-mode impedances exceeding 
50 and 20 magottms, respect ively,  a t  frequencies below 5 ki lohertz .  The COIUIUOU- 
mode r e j ec t ion  r a t i o  is grea te r  then 120 decibels  over the sare frequency range. 
The cha rac t e r i s t i c s  most important t o  the  r a t i o  teclmique are l i n e a r i t y ,  which 
is within 0.005 percent f u l l  sca le ,  and short-term s t a b i u t y ,  which is b a t t e r  
than 0.001 percent f o r  5 seconds at a marranlm r a t e  of temperature change of 0 . 0 1 ~ ~  
per second. The common-mode r a j ec t ioo  r a t i o  becomes important when bridge current  
is sensed a t  8-volt exc i t a t i on  lavels. 
Constant-current sources are supplied t o  each base of the d i f f e r e n t i a l  
input p a i r  t o  compensate f o r  the b i a s  current  required by the matched semi- 
conductors, but the more usual coastant-currant-source common-emitter supply 
is replaced with a var lab le  current  source t h a t  maintains the combined co l l ec to r  
currents  constant.  The d i f f e r e n t i a l  output from the co l l ec to r s  connects t o  an 
operat ional  amplif ier ,  the output of which feeds back t o  the emit ters  of the 
Kovu 
Wire 
Multiplexer 
Isothermal Block 
Reference 
Bridge -I- 
input  s tage  t o  force the t o t a l  of the  co l l ec to r  currents  to  divide equal ly 
betwaen tha bra halves of the d i f f e r e n t i a l  p a i r .  Stable  operating poin ts  
a r e  thus establ ished Fndapendently of common-tnoda inputs over a wide tempera- 
t u r e  range. Thc f i r s t - s t age  gain is 100. Af te r  filtering, the signal is 
applied t o  the input  of the racond-stage'ampUfiar, which aormally operates 
with a gain of 2.88. The t o t a l  amplif ier  gain of 288 is used f o r  a l l  brldge 
umsurments. 
Tlaermacouple maksuremnts requi re  an input  range of 210 d l l i v o l t s  r a the r  
than 234 mil l ivo l t s .  During t h e ~ m o c o u ~ i e  s quences, theref ore ,  the second- 
s tage  gain is changed from 2.Sd t o  10 by switching a f i e ld -e f f ec t  t r a n s i s t o r  
t o  introduce a po ten t i a l  divider  In the  feedback path of the second stage. 
Eight coostantan and Wo chrbmel wires from the thermocouple junctions 
i n  the probe cables connect t o  Kovar leads a t  an isothermal block in s ide  the 
e lec t roulcs  package. The Kovar leads convey the thermocouple voltages t o  the  
multiplexer.  The isothermal block a l s o  contains a platinum/Evanohm bridge 
thennometer with two constant-value res i s tance  anas. A schematic representing 
one probe-cable set of thermocouple junctions and the reference-temperature 
bridge is presented i n  Figure 7 .  
Thennocouple masuremeats of absolute  temperature have an inherent 
accuracy sn order  of magxdtuda lower than platinum res i s tance  rneasurearnts, 
I i n  p a r t  because of thennocouple i n s t a b i l i t y  but  pr imari ly  because of d i f f i c u l t i e s  
i 
in measurfng low-level voltage sources. Since the r a t i o  technique is not 
appl icable  t o  thermocouple measuremcnta, a ca l ib r s t i on  method is used t o  
e s t ab l i sh  system gain and o f f s e t  during the measurement sequence t h a t  deter- 
! 
mines the isothermal block temperature with the bridge thermosater. 
I Xeasuremcnts on the reference-temperature bridge follow the same pa t t e rn  
a s  those an the probe bridges, except t ha t  the amplitude of exc i ta t ion  is 
at tenuated t o  give a 210-millivolt fu l l - sca le  output, which is the range of 
the  thermocouple voltages. An amplifier aominal gain of 1000 is se lec ted  
f o r  reference-bridge and thermocouple measurements. To f ind  system gain 
and error o f f s e t  values, i t  is assumed t h a t  the  at t?nuated pos i t i ve  and 
negative bridge-excitation voltages ve a r e  of known, equal, and opposite 
magnitudes s ince  they a r e  derived from the prec ise ly  control led pulsed- 
power supply and a r e  connected t o  tha bridge by shor t  leads within the 
e lec t ronics  package. 
+ - 
The sensed exc i ta t ion  s igna l s  ve and v, a r e  converted by the  analog- 
t o d i g i t a l  converter t o  binary numbers N  and N 3  i n  accord with the re la t ion-  
1 
ships 
where voff is e r ro r  o f f s e t  voltage re fer red  t o  the  amplif ier  input ,  G is  
system gain, and v i s  the d i g i t  reso lu t ion  un i t  of 2.4414 mil l ivo l t s .  Gain 
is found from 
when the  o f f s e t  voltages cancel.  To f ind  the e r r o r  off  s e t  voltage vof f ,  the 
o f f s e t  binary outputs N and N a r e  converted t o  pos i t i ve  and negative numbers 1 3 
by subtract ing o f f s e t  count 4096. I f  N ;  - 
( N ~  
- 4096)  and N P ( N j  - 4096).  
then voff * !J ( N i  + Nf)/2. 
3 
The use of known balanced inputs  i n  the reference-bridge measuring sequence 
thus es tab l i shes  system gain and o f f s e t .  The meae~red outputs a r e  converted 
through e lec t ronics  ca l ibra t ion  data ,  and the bridge voltage r a t i o  is then 
used t o  solve i t e r a t i v e l y  a third-order ca l ikra t ion  equation fo r  reference- 
bridge t e n p r a t u .  and hence f o r  isothenml-block m d  reference-thermocouple 
temperature. Meaauramonts of thermacouple voltages made sho r t ly  t he rea f t e r  
(in the  aaquence N1, N2, Nj, N4, u shown on the  Figure 7 schauutic) a n  
procarred, wing c i l cu l a t ad  gain and o f f s e t  values, to arrive a t  true thermo- 
couple voltage outputs. 
The output from the chromrl/constantan refarence junct ion i n  the i s o t h e n d  
block is maasuxed r e l a t i v e  t o  only one of t he  juacdone i n  the cable - t h a t  
h i d e  the hollow of tha gradient sensor a t  t he  top of the probe. The remain- 
ing three junctions i n  each probe cable a r e  a l so  mcasured r e l a t i v e  t o  this 
top jtmctiou. The double-raferencing arrangemeat is designed t o  center  the  
maan of the thenwcouple-output artremas c lose  t o  0 v o l t s  f o r  m x b m  masure- 
u m t  resolut ion.  The predicted temperature range f o r  the therm~couple junction 
a t  the top of t h e  probe is 200'~ t o  260%; the  ful l -scale  thermocouple range is  
90°K t o  SO$, and the  isothermal-block temperaLure is control led t o  between 
The voltage/temperature cha rac t e r i s t i c s  of the thermocouples a r e  described 
by ca l lb ra t ion  c o m c t i o n  f ac to r s  applled t o  standard tab les  of the National 
Buraau of Standards (NBS) (Adamr and I2avissou, 1965). 
PA== CONSTRUCTION AND TElERMAL CONTRDL 
The heat-flow instrument operates from a 29-volt d.c, supply and requires  
data-interlace and mode-control s igna l s  from the ALSEP Central S ta t ion .  The 
unit is otharwlse self-contained with respect  t o  log ic  and power managemant 
f o r  a l l  the sensor mfkeuremants and f o r  probe-heater control .  
I n  tho deployed configuratiou, a ribbou cable made up of 40 f l a t  copper 
conductors in a p l a s t i c  f i lm extends from the instntment package across 9 meters 
of the lunar surface t o  the ALSEP Contral Stat ion.  This cable is comected t o  
an asmomate connector, which the astronaut  matea with the Central S ta t ion  
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o u t l e t  f o r  power t o  and coumnication with the  heat-tlov instrummt.  
The two probe cables a r e  each made up of 35 unshielded conductors, i n t e r -  
 oar f o r  a uniform s t r e so  d i s t z i b u t i m  s o  t h a t  Che weight of the astronaut  
can be supportad without degradation in cable performaace. Thvse cables a r e  
very f l u d b l e ,  exhibi t ing Little lns idua l  t o q u a  whur u tended ,  sad they a r m  
m t . d  v l t h  a wmn Teflon s leeve t o  protrlde a l o w  coe f f f c iu r t  of f r i c t i o n  
during deplopmnt. H e a t  l e h  from the  cables on t h e  lunar surface t o  the 
probes and the electrouica package arm s d  sinca the conductors are mode 
from l o r  thermal-conductivlty wire. 
The complete surfaca pacltag., sham in Yigurs 8, weigllr 7.0 pounds 
(3.2 k l log raa  ) ond is 9.5z10.0xl1.0 inches (24x25~28 c e n t h t e r s )  i n  s i ze ,  
including the fee t .  The astromatr connector, dbbon  cable, and spool w e l g h  
1.4 pounds (0.6 kilogram) . 
ElectrolsLcr Package 
The e l ec t ron ic  c i r c u i t r y  shown i n  Figure 9, is made up of f i v e  mi l t i l aye r  
pr inted-circui t  >oatds, joined in a s tack  by ioterloclcing spacers bonded t o  
each board. The s tack  is 2.5x7.6x5.6 inches (6~19x14 centimaters) i n  s ize ,  
the boards consis t ing of up t o  twelve layers ,  each 0.004 inch (0.1 mill lmrter)  
thick. The layers  of c i r c u i t  track8 a r e  interconnectad through p la ted  holes 
i n  the compoeira board, and aa many a6 210 component subpackages are munted 
on oue board. The components a r e  in p h p i c d  contact with a heavy printed- 
c i r c u i t  conductor, which f o r m  a hea t  path to  the inter locking Fgacera, 
Column screws p a r  through the spacers t o  a mrtal p la t e ,  which s e m s  botl- 
as a the- control  p l a t e  and or a sup;-ort f r y  the board stack. A d.c./d.c. 
c o t m r t e t  f o r  th. instrument powcrr supplies  is packaged on o board tht  i r  
bonded t o  the thermal cont ro i  p la te .  Heating elemcats a r e  a l s o  mounted in 
good thermal c o n ~ j c t  with the p l a t e .  A shor t  length of Mangrnin cable ( a t  
l e f t  i n  Figure 9)  p r d d e s  t h e m  insu la t ion  from the copper conductors in 

the rihbon cable. Bon:'ad t o  the thermal cont ro l  p l a t e  a t  the other  s ide  of 
tha un i t  is a 70-h iaothernul  connector t o  w h i c h  the two probe cables on 
soldwed.  Whrr th. *=it is u r e d i e d ,  the  board s tack is enclosed by a metal 
r m r  with r c q r r r r i b l e ,  e l a c t r i d y  conducting garket t o  p r o d d e  a b a r r i e r  
t o  elrctxomrgnetic interference.  
Thr e l e c t ~ c s  u n i t  m i g h r  3.3 pounds (1.5 kilograms). 
T h a d  Control Design 
A t h e 4  Fnrulation bag, shaped an a container f o r  the metal cover 
surrounding the board stock, is hooked by velcro pads t o  a low-thermal con- 
duc t iv i ty  uunmting r b g  f i t t e d  around the ins ide  edge of the t h e m a  p la te .  
The b8g is conrtructad of tvelm laytrs of d o r e l y  spaced high-ref lect ivi ty  
shield8 hatring very low trursarse ccmductidty;  br ida l - s i lk  ne t t i ng  separates  
the layers  end comrs  the in s ide  and outs ide of the bag. The inf ra red  emiflsivity 
of the 1 1 4 4 1  allrmlnized Mylar used f o r  the  sbi  e ld s  is approximately r) .02. 
The e lec t ronics  aarembly is supportad aad protected by a thin f iberg las r  
outar  care,  which is connected t o  the  mountfng ring by low-conductiwlty jo in ts .  
Whan the unlt  is standing ou the f a c t  on t h i s  outar  w e ,  the  well-insulated 
e lec t ronics  coqartment  is s i rua t ed  beneath the exposed t3ermel cootrol  plate .  
In te reu l ly  generated heat i s  couduc;ed t o  the p l a t e  and radiated from a spec t r a l ly  
s d e c r i n  surface coating (S-13C) havlng a high in f ra red  d t t a n c e  (eZg = 0.9) 
aud a lov absorptance (as - 0.2) a t  f r eqwnc ie r  where so lo r  p o w r  is moat intanse. 
The t h e 4  p l a t e  i s  protected from d i r e c t  s o l a r  rad ia t ion  by 8 s m s h i e l d  
f i t t e d  over the urambly r a  sham in Figure 8. The suashield is an i s su l a t ed  
box w i t h  one open s ide,  which is placed t o  f ~ c e  away from the eqt*, :or with its 
edge aligned in the urt /mrt  d i rec t ion .  The ambered marks on the sunshield 
8- w e d  u 8 s h d w g r a p h  with the sb.iow cut by the h 8 n U g  too l ,  which f i t s  
i n t o  t he  c m t e r  sockat. A spaculu r e f l ec to r  slop- from the top edge of the 
lunrr nfght  is 10.5 watts. Should the 29-volt operat ional  supply be switched 
off m d e r  abnormal circuumtmces, e separate  surrrival b e  can be ac t iva ted  
t o  a p a r t  of the thermal-plate hea t e r  f o r  a partcar diss ipa t ion  of 4 watts. 
The t h e 4  cont ro l  system is das ig~.ed  f o r  instrurawt deploymants between 
1-r la t i t udas  of 245 degrees. 
CBLiBRATIOH AM) TESTING 
TI, ensure that the heat-flow instrumurt will mat its performance requira- 
ments, the ca l ibra t ion  *ad test program is extensive and thorough. Indeed, a 
s u b s t a u t i d  part of the iarge array of ca l ib ra t ion  imd test apparatus used was 
developed spec i f i ca l ly  f o r  t h i s  purpose. The sensors,  probes, and electronics 
are  subjected ta worst-case u s e l a n  esvirwnrents and ca l ibra ted  cs s u b m i t s  
before assembly as fL.;;ht ins tmts .  The subassembly ca l ibra t ions  are va r f f i ed  
by t e s t s  on the coplplote uni t ,  which then undergoes a fu r the r  series of tests 
closely s i n d a t i n g  all the coaditions an t ic ipa ted  f o r  t r a v e l  t o  and operation 
on the moon. The s t a b i l i t y  of the  instmmzut following exposure t o  such critical 
environments as system v ' -*ra t ion  id ca re fu l ly  checked. 
Sensor W b r a t f . .  
The platinum resis tance t h e m m e t e r s  a r e  ca l ibra ted  a s  a bridge by a com- 
arism method. I=ltercomparisarrs of NBS standards ind ica te  that accuracies 
afforded by thlr method approach those obtained by absolute fixed-point 
cal ibrat ion.  Each sensor is innmrsed, along with a standard thermomcter, in 
an isothermal bath of trichloroethylene. The baths have separate  temperature 
controls  so that temperatuses can be iodependently s e t  f o r  each thermometer 
of the d i f f e r e n t i a l  t r idge .  The standard thennometers aze interchanged f o r  
several  masuremez s t o  determine o f f se t .  The degree Ked\-'-n is e s ~ a b l i s h e d  
from BBS-.calibrated standard thennomatars. Secondary abaolute-value res i s tance  
standards of 1000 ohms, referred t o  an NBS standard, c r e  maintained a s  a t e f -  
crence "at .;5e e l e c t r i c a l  measurements. 
To check f o r  random e r ro r s ,  each gradient  bridge is ca l ibra ted  a t  42 
points ,  which a r e  least-3quares f i t t e d  t o  equations (6) and (7) o r  8 and 9 
t o  y i e ld  the constants i n  these equations. The standard deviat ion of the 
least-squares f i t  t o  the da ta  poin ts  i n  equation (6) does not exceed 
0 . 4 8 ~ 1 0 - ~ ~ ~  f o r  any of the  sensor assembliei t es ted ,  and more than 60 
such assemblies have beer produced. The gradient  bridges a r e  ca l ibra ted  
a t  d i f f e r e n t i a l  temperatures of +20, +lo,  +2, 0, -1, -2, -10, aad -20'~ 
a t  absolute temperatures of 200, 212.5, 225, 237.5, and 250'~. The equivalent 
differential-temperature d r i f t  of some randomly se lec ted  gradient sensors 
tes ted  per iodica l ly  a t  200 '~  and 270'~ over a 3-year period is a2proximately 
-30 
0 . 3 ~ 1 0  K. The average absolute-temperature d r i f t  f o r  individual  sensor 
-30 
elements over the same 3-year period has been found t o  be 0 . 5 ~ 1 0  K. The 
eing sensors a r e  ca l ibra ted  a t  a minimum of 14 poin ts  t o  ca lcu la te  12 ca l i -  
brat ion constants.  
Thermal-plate reference-temperature bridges i n  the e lec t ronics  package 
are ca l ibra ted  a t  -20, 0, +25, +50, and +90°c t o  y i e ld  the constants X X , 
1' 2 
X and X i n  the relat ionship 
3 4 
where T is the reference-bridge temperature and V /V is the bridge voltage 
R 0 E 
0 
r a t i o ,  Dur;.g reference-bridge ca l ib ra t ion  a t  0 C, a l l  e igh t  cable thermo- 
couple junctions a r e  immersed i n  an isothermal bath f o r  ca l ib ra t ion  a t  33, 
200, 250, and 350'~. 
Electronic  Testing and Cal ibrat ion 
Testing of the e lec t ronics  da ta  chain involves adjustment by resistance- 
value s e l e c t i m  f o r  zero of f - se t ,  comon-mode re jec t ion ,  and gain. A ca l ib ra t ion  
factor  is  found f o r  erch m-asuring channel by ca l ib ra t ing  the channel as  i t  
w i l l  be used - tha t  i s ,  by performing r a t i o  measurements. A s e t  of res i s tance  
networks, ca l ibra ted  t o  an accuracy of 0.002 percent, s u b s t i t u t e  f o r  bridge 
and line resistancan t o  simulate high-sanaitivity and l o r s e n s i t i v i t y  r a t i o s  
aud brldge rasis tance.  Tha d o u s  types of measurement a r e  made through 
separate  d m m r l s .  Cal ibrat ion l s  performad a t  nine d i f f e r e n t  d i f f e r e n t i d -  
r a t i o  amplltudar and f i v e  l a v e l s  of bridge resis tance,  and at l e a s t  ten - 
aausufepynts are made f o r  each of the input  r a t i o s .  The man m and standard 
deviat ion u of the output r a t f ~ s  f o r  a constant input  a r e  calculated,  and a 
Unear ca l ibra t ion  f a c t o r  is Fund from the  mean values corresponding t o  r a t i o s  
near the limits of channel range (n = 1 and n = 9 i n  Figure LO). The i d e a l  
t r a n s f e r  function of the  channel is the  ca l ib ra t ion  fac tor .  The e r r o r  a t  any 
po in t . n i s  defined as the  difference between the  i d e a l  ot .put Rl(n) and the - 
mean output m (n), summed with the standard deviat ion o(n) .  To ver i fy  system 
linearity, these measuremarrts are made at temperature i n t e m a l s  throughout 
the operating range of the heat-flow instrument. A &mum e r r o r  of 0.0375 
percent full sca le  is  spec i f ied ,  bu t  t he  typ ica l  maldrmnn f o r  i n s t m n t s  t e s t ed  
ta date is 0.02 percent. Cal ibrat ion f ac to r s  a r e  modified f o r  the ac tua l  
bridge-lead resis tances.  Thermocouple channel accuracy is alsc checked by 
mult iple  measuremants a t  nine poin ts  throughout the 210 mi l l i vo l t  input range. 
Probe Performance Test ing 
Assembled probes a r e  characterized over ambient- and differential-temperature 
operating ranges i n  a temperature-gradient apparatus o r  gradient chamber, which 
has an ove ra l l  height of 11 f e e t  (3.4 meters) and a dianmter of 2 f e e t  (0.6 
meter). The probes a r e  inser ted  i n  a gradient tube 2.5 centimeters i n  i n t e r n a l  
diameter, i n  which a pos i t ive  o r  negative temperature f i e l d  can be developed. 
1 A liquid-aitrogen bath surrouuds the gradient-tube assembly t o  provide a con- 
staut-temperature heat sink f o r  heat introduced i n  developing average and l i n e a r  
i 
d i f f e r e n t i a l  temperatures. i double-vacuum s h e l l  minimizes heat leaks and 
permits the probe t o  be inser ted  without unduly dis turbing the  thermal equ i l i -  

b r i m .  Thermocouples and t h e m p i l e s  i n  the  gradient tube, along with 
associated readout instmmantation, provlde temperatrue umasureamnts t o  
accuracies char approximate those of the heat-Llov instrument. Ptobs- 
measured d i f f e r e n t i a l  t emera tuza  is comporrd with apparatus-meacrured 
d i f f e r e n t i a l  temperature in the form of a "shorting" r a t i o ,  which is 
approximately a linear htnctiou of the abrolute  tenrperature along the  
gradient. the probes being r ad i a t ive ly  coupled t o  tha  gradieut tube. 
This sho r t ing ra t fo  va r l e s  from bridge t o  bridge, depending on small 
differences in probe cons tnrc t im.  The prebes a r e  t e s t ed  a t  mean d i e m  
temperatures of 205, 225, and 245'~. with llnaot gradients  of 0, 2, and 
18% across each probe half-aactioo. A t  l e a s t  five t e s t s  are perfarmed -. 
with each flight-instrument probe, including two i n  which the  probe is 
in tegra ted  with the  e lec t ronics .  Gradient-chamber t e s t s  a t  O'K check the  
zeroe 'offset  of the gradient bridges and determine the  o f f s e t  d u e s  f o r  the 
r lng bridges, the cables of whlch a r e  shortened during probe assembly. Each 
of the  probe hea ters  is turned on a t  the  0.002-watt level by the e lec t ronics  
t o  characterize t&e "low-conductivity" performance of the  probe in  aa in- 
finitely conduct in^ = d r u m a n t ,  which the gradient-tube apparatus represents 
s ince  i t  is an &st per fec t  heat sink. 
Thermal conductivity t e s t i n g  is a l so  performed i n  an apparatus tha t  
simulates tha propar t ies  of t he  lunar regol i th .  The thermal couductiv',ty 
t e s t  apparatus is a 10.5-by 3-foot (3.2-by 0.9-mater) Dewat f lask ,  with 
0 
inner-vessel-wall  cooling t o  the temperature range 200 '~  t o  250 K. A probe 
$oretube extends l a t o  a bed of glass  microbeads i n  the inner  container.  The 
outer cavl ty and the boretube a re  evacuated, and the thermal conductivity of 
the glaas-bead bed i s  varfad over the an t ic ipa ted  lunar range by cont ro l l ing  
the gab-f i l l ing pressure. Two such thermal conductivity t e s t  un i t s  have 
been constructed t o  permit the simultaneous t e s t i n g  of the two probes of a 
heat-flow instmment.  
The Heat-Flow Instrument Test inq 
For funct ional  t e s t i n g  af  the probes and the  heat-flaw instrument a s  
a whole, t h e d  s imi la tors  a r e  used t o  provide a s t ab l e  temperature environ- 
mcnt f o r  the probes i n  the  lunar-temperature operat ing range. Each simulator 
i s  an insulated container 8 f e e t  (2.5 meters) deep, f i l l e d  with s o l i d  carbon 
dioxide and ethanol,  i n  which a heavy-metal doub l a  boratube i s  v e r t i c a l l y  
s i tua ted .  The ethanol  f l u i d  s t a b i l i z e s  a t  the temperature of the subliming 
dry i c e  t h a t  i t  surrounds. Since the temperature of sublimation is a function 
of pressure,  the  f l u i d  temperature increases  with depth t o  impose a gradient 
along the boretubes. Thermocouples and thermopiles within the metal block 
measure the  temperature p r o f i l e  along the tubes. The laboratory thennal- 
simulator apparatus has a compartment fo r  the e lec t ronics~  package so tha t  
t3e whole instrument can be operated i n  a vacuum. When in se r t ed  i n t o  the bore- 
tubes, the two probes of the instrument a r e  i n  a s imi l a r ,  uncontrolled but 
slowly changing temperature f i e l d ,  and comparisons can be made of processed 
measurements on the probe bridges a t  given heights in the bath. 
A s imi l a r  simulator has been b u i l t  i n t o  an adjunct t o  a 27- by 20-foot 
(8.3- by 6 .2  meter) thermal vacuum chamber. During ALSEP system t e s t ing ,  the 
heat-flow e lec t ronics  package is deployed ins ide  the main chamber,, with the  
probes s i t ua t ed  i n  the s t a t i l i z e d  thermal-simulator boretubes. The e n t i r e  
ACSEP system, including the heat-flow instrument, i s  exposed t o  the temperature 
-a 
conditions of lunar dawn, lunar noon, and lunar  night  i n  a 77acuum of 5 x 10 
Torr. Cold space i s  simulated i n  the chamber by pumping l i qu id  ni t rogen under 
pressure through black, op t i ca l ly  t i g h t  panels. The sun is  rspresente i by 
carbon a r c  .amps and dust degradation on instrument surfaces is  simulated by 
subject ing them t o  addi t iona l  in f ra red  radiat ion.  
a 
TABLE 4. Apollo 16 Heat-Flow Instrument Test Results in Lunar-Night Environmant 
Sensor Data 
Lower Lower 
upper Gradlent upper Remote ReProte 
Bridge (OK) Bridge (OK) Bridge (.a Bridge ('I[) 
Absolute temperature, mean difference I -0.002 -0,020 -0.028 -0.036 
C 
Absolute temperature standard deviation 0.016 0.037 0.034 0.032 
High sensitivity temperature differential, 
mean differenceb 
High sensitivity temperature differentiel, 
standard deviationc 
Low sensitivity temperature differential, 
mean differenceb 
Lou sensitivity temperature differential, 
standard deviation 
Cycles 
a 
Test performed on 26 July,  1971. 
Mean differer.:e in readings of two opposed sensors 
C 
Standard deviation of difference in readings of two opposed sensors about the mean difference 
Table IV presen t s  a comparison of thermal-simulator temperature measure- 
ments made i n  a changing temperature environment by t h e  heat-flow-instnrment 
probes and e l e c t r o n i c s  package dur ing simulated lunar-night t e s t i n g  of the  
Apollo 16 U E P  system. The means of t h e  d i f f e r e n c e s  between t h e  temperatures 
measured by adjacent  b r idges ,  cor rec ted  f o r  br idge s h o r t i n g  r a t i o ,  and t h e  
s tandard derLations from :ke means a r e  t abu la ted .  lhe very small d i f f e r e n c e s  
noted may have been caused by d i f f e r e n c e s  i n  t h e  t r a n s i e n t  re'sponses of t h e  
two probes,  by d i f f e r e n t  probe responses t o  non l lnaar  g rad ien t s ,  o r  by s l i g h t l y  
d i f f e r e n t  temperature f i e l d s ,  t h s  r e s u l t  e i t h e r  of inheren t  d i f f e r e n c e s  between 
t h e  apparatus  boretubes o r  of d i f f e r e n t  times of measurement. Outside of these  
f a c t o r s ,  t h e  probe-measurement d i f f e r e n c e s  r e f l e c t  t h e  consis tency of t o t a l  
instrument c a l l b r a t i o n ,  s t a b i l i t y ,  and s i g n a l  process ing.  
The low-sensi t iv i ty  measurements on t h e  upper g r a d i e n t  br idges  i l l u s t r a t e  
an e f f e c t  of data ave;aging t h a t  i s  genera l ly  seen i n  heat-flow-instrument t e s t  
0 
results, Although r e s o l u t i o n  i n  t h e  220 K range is t e n  times l e s s  than i n  the  
h igh-sens i t iv i ty  range,  a f a c t  r e f l e c t e d  by the  s t andard  dev ia t ions ,  t h e  averages 
are about t h e  same i n  t h e  cwo ranges.  The number of measurements t h a t  do a o t  
f o l l o w  t h i s  p a t t e r n  decreases  as t h e  number of d a t a  cyc les  inc reases .  Thus, 
system r e s o l u t i o n  i s  e f f e c t i v e l y  inc reased  by multiple-ueasurement averaging 
i n  both  the  low and the  high s e n s i t i v i t y  ranges.  Use of this technique can 
result i n  an e f f e c t i v e  r e s o l u t i o n  b e t t e r  than analog-to-digital-conversion 
quan t iza t ion  would allow f o r  a s i n g l e  weasurement. 
During the  simulated l m a r - n i g h t  t e s t  i n  which these  r e s u l t s  were obta ined,  
t h e  probe cables  were l y i n g  i n  aa uncontrol led  temperature zone. There is l i t t l e  
value ,  the re fore ,  i n  comparing thermocouple readings  2, 3, and 4. However, the  
mean of the  measurement d i f f e r e n c e s  f o r  the  thermocouples s i t u a t e d  a t  the  top 
0 
of the  probes (0.073 K) r e l a t i v e  t o  t h e  single-measurement r e s o l u t i o n  of 0 . 1 7 O ~  
again demonstratas the data-averaging e f f ec t .  The readings a l s o  provide a 
good comparative check of the thermocouples. 
INSTRUMENT PACKAGING 
811 the components of the heat-flow instrument are pictured in Figure 11. 
These indud. a packing corr tdnar  f o r  the probes and an emplacemcnt t o o l  used 
by the  aatroaaut  t o  i n se re  the probes i n t o  the borestems. Overall package 
design is strongly influenced by the  n q u i r a r n n t  f o r  deployabi l i ty  by a 
su i t ed  astronauz, as evidenced by the  various p u l l  rings, handles, and carry 
s t r a p s  seen i n  the photograph. 
The probe8 are  folded, vLth two molded packing pieces secured by nylon 
c lo th  and m l c r o  pads holding the sectiona s l i g h t l y  apart .  They a r e  s tored  
f o r  t ransportat ion in two thin dlrrpinum containers ,  which are car r ied  to  separa te  
deployment s i t e s  on the lunar  surface, each with one probe ins ide .  The probes 
are held within the  containers in nylun bags by s o f t  foam bulkheads, so  spaced 
along the  folded probe as t o  s q p r a s s  the f i r s t  free-bending mode of the probe. 
The cables are coi led around the ins ide  of the probe containers in troughs 
formed by an inner  w a l l .  on each side. 
One probe container hse provision f o r  stowing the collapsed emplacement 
t o o l  - four  telescoping f ibarg lass  tubes tha t  lock when extended t o  give a 
tool  l e n g t h  of 224 centimaters. A s l o t t a d  piece of f iberg lass  a t  the end of 
the smallest-diameter tube fits over t he  probe cable t o  implemcnr probe deploy- 
ment. The t o o l  is  white, v l t h  -8s a t  2-centimeter i n t e rva l s  and a br lght  
orange band t o  ind ica te  the depth t o  which the probe should be pushed. 
The two probe containers f i t  together t o  form a s ingle  package, strengthl!ned 
by the amplacemant t o o l  inside.  The package is covered with white t h e , d - c o n t r o l  
paint  and secured by m l c r o  s t r aps  v l t h  p u l l  r ings.  h complete probe-container 
assembly is 3.4x4.5x25.5 inches (8.6xll.4x64.8 centimeters) i n  s i ze ,  excluding 

handles, and weighs 3.5 pomds (1 .: ki logram) .  
Carried t o  the moon in an equipment bay of the Lunar Module, the heat-flow 
instnmrant i s  mountad v i a  quick-raleaae fas teners  t o  a subpal le t ,  which stands 
v e r t i c a l l y  arr a p a l l e t  u shown i n  Figure 12, supported by energy-absorbing 
mauata. The e lec t ronics  package has shock-absorbing washers f i t t e d  t o  the 
four lugs p r o t n d b g  from the  mounting ring. The p n b e  package is  secured 
through tubes a t  the f a u  corners of the box. The astromate coanector and cable 
(coiled ins ide  the r ee l )  a r e  seen in the f igure  beneath the e lec t ronics  package. 
The nylon cover on the e l e c t r w i c s  package, which serves t o  pro tec t  the thermal 
control  surfaces from lunar  dust, i s  removed before f i n a l  leveUng and align- 
mant of the instnnnent on the won. 
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